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Cell-biomaterial interactions and the corresponding cellular behaviors are
poorly understood. Therefore, in this study, the ability of biomaterial surface
properties to control nonviral gene delivery was investigated through surface
chemistry and protein adsorption and subsequently correlated to cellular
behaviors controlled by cell-biomaterial interactions. Self-assembled monolayers
(SAMs) of alkanethiols on gold were used as model biomaterials to investigate
the effect of surface properties on nonviral gene transfer to cells adhered to
these surfaces. SAMs presenting terminal CH3, OH, COO-, and NH3+
functionalities were adsorbed with varying concentrations of FN to determine the
amount of FN needed to form an adsorbed monolayer on the surface of SAMs,
onto which cells were then seeded and plasmid DNA was delivered via a bolus
approach using polymer- and lipid-mediated delivery techniques. SAMs without
adsorbed FN were used as a comparison, in addition to traditional polystyrene
(PS) culture surfaces. SAMs with different surface chemistries that were
adsorbed with FN influenced transfection profiles.

Additional preliminary studies explored the use of adsorbed bovine serum
albumin (BSA) as a blocking agent to fill in open spaces between the adsorbed
FN on the SAM. Additionally, transfection was also investigated using substrate
mediated delivery on SAMs with adsorbed FN were substrate mediated delivery
was investigated for as well as substrate-mediated delivery. The results from
these preliminary studies were used to select conditions for subsequent studies.
For the final studies, SAMs presenting terminal CH3, OH, COO-, and NH3+
functionalities were adsorbed with either a monolayer or multilayer of fibronectin
(FN), onto which cells were then seeded and plasmid DNA was delivered via a
bolus approach using polymer- and lipid-mediated delivery techniques. SAMs
without adsorbed FN were used as a comparison, in addition to traditional
polystyrene (PS) culture surfaces. FN dose response and underlying surface
properties together contributed to transfection profiles, which, for Lipofectamine
2000 (LF2000), exceeded levels on traditional PS surfaces, even with the
addition of FN. These results indicate not simply the presence of FN, but also its
interaction with the underlying surface and resulting cell behaviors, enhance
transfection. After FN multilayer adsorption to SAMs, the CH3 -terminated surface
had the greatest transfection in comparison to all other SAMs and the PS control.
It is proposed that the increase can be correlated to cytoskeleton reorganization
and FN fibrillogenesis. These studies provided initial understanding of the
relationships between biomaterial surface properties, adsorbed proteins, and
nonviral gene transfer to cells interacting with these surfaces, in order to design

optimal material surfaces that promote gene delivery for use in therapeutic and
diagnostic applications, including biomaterials-based delivery strategies. A
greater understanding of the cells’ interactions with their microenvironment will
allow better design of tissue engineering scaffolds for gene delivery as well as
promote efficient gene transfer for gene therapy.

5

Acknowledgements

Angie, thank you for the opportunity to work in this lab; the things I have learned
here will forever be with me. Dr. Bashford and Dr. Yang, thank you for serving on
my committee, reading my thesis and offering advice along the way. Gina, thank
you for your friendship, help in setting up the lab and defining its culture. Dipika,
Mary, Sarah, thank you for your help in and out of lab, for all of the wonderful
discussions, and for reading my thesis. Heidi, Andie, Steph, Cady and Quentin,
thank you for all of the help counting cells and finding SAM areas. Dr. Cupp and
Dr. Wood, thank you for allowing me to use your facilities; without this, I would
have been unable to complete my project. Dr. Dowben and ZhengZheng, thank
you for running the XPS samples to confirm robust formation. Ravi, Mathias, and
Brian, thank you for explaining the principles of a goniometer and teaching me
how to use one. Dr. Jones and Dean Waller thanks for listening and encouraging
me throughout my studies. Bo, thank you will all of your help in preparing for
AIChE and answering all of my questions. Thank you to the morning workout
group and water aerobics ladies for providing stress relief. Jason, thanks for all of
the late nights, bringing me dinner so I could study, and the countless other jobs
you did to keep me going and most of all, just enduring with me. Mom and Dad,
thanks for the encouragement, faith in my dreams and for helping me reach
them. Eric, Sheri and Mark, thanks for the support, encouragement and brief
breaks.

6

Dedication

To Jason,
Mom and Dad

7

List of Abbreviations
ANOVA

analysis of variance; statistical analysis performed on samples

BCA

bicinchoninic acid; protein assay

BSA

Bovine Serum Albumin, small hydrophobic protein

CH3

1-decanethiol; Methyl terminal functional group used for SAMs,
produces a hydrophobic uncharged surface

COO-

11-mercaptoundecanoic acid; carboxyl terminal functional group
used for SAMs, produces a negatively charged hydrophilic surface

DMEM

Dulbecco’s Modified Eagle Medium, cell culture media

DNA

Deoxyribonucleic Acid

ECM

Extracellular matrix

eGFP-LUC

plasmid containing enhanced green fluorescent protein and
luciferase

eGFP

enhanced green fluorescent protein used for transfection

FBS

Fetal bovine serum

FN

Fibronectin

HSA

Human Serum Albumin

I125-FN

Human Fibronectin labeled with radioactive Iodine (isotope 125)

LF2000

Lipofectamine 2000

LUC

luciferase gene

MTT

cell proliferation assay, Yellow MTT (3-(4,5-Dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) is reduced to purple formazan in
living cells

NanoOrange

Protein Assay

NH3+

11-amino-1-undecanethiol, hydrochloride (NH3+-terminated); amine
terminal functional group used for SAMs, produces a positively
charged hydrophilic surface

OH

11-mercapto-1-undecanol; hydroxyl terminal functional group used
for SAMs, produces an uncharged hydrophilic surface

Opti-MEM

reduced serum cell media used for complex formation in
transfection
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PBS

Phosphate buffered Saline

PEI

Polyethyleneimine

PS

(Tissue culture) polystyrene

RGD

arginine-glycine-aspartic acid cell binding motif

RLU

Relative light units

SAMs

Self-assembled monolayers

SDS

sodium dodecyl sulfate

siRNA

small interfering RNA

SMD

Substrate mediated delivery

TBS

Tris buffered saline

XPS

X-ray photoelectron spectroscopy
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Chapter 1
Background

1.1 Introduction: Objective, Motivation and Thesis Outline
The purpose of the studies described in this thesis was to investigate how
surface properties of a cell culture substrate control nonviral gene delivery to
cells adhered to those surfaces. In particular, the studies explored protein
immobilization on different surface chemistries, which have been shown to alter
protein orientation and conformation and bonding strength, thus modify cellular
behaviors, which in turn, modulate transfection. This research is critical to
understanding the relationships between biomaterial surface properties,
adsorbed proteins, and nonviral gene transfer to cells interacting with these
surfaces. The results can be applied to the design of optimal material surfaces
that promote gene delivery. Without more efficient delivery strategies, the use of
nonviral gene delivery in therapeutic and diagnostic applications, including
biomaterials-based delivery, will be limited.
This chapter (Chapter One) contains a background of subjects and
methods relevant to the project. Chapter Two outlines initial experiments that
were designed to optimize conditions and techniques for studies in the following
chapter. Chapter Three presents the main story of the project, included as a
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paper which is being submitted for publication. Finally, Chapter Four describes
the conclusions and future directions of the project.

1.2. Background
1.2.1 Nonviral Gene Delivery
Gene delivery is the transfer of exogenous DNA into mammalian cells for
genetic modification. There are several methods to deliver DNA into cells,
including viral and nonviral techniques [1, 2]. Typical viral vectors include
retroviruses, lentiviruses, adenoviruses, and adeno-associated viruses [3, 4], and
while viruses are very efficient at delivering DNA to cells, there are several
limitations, including the size of DNA to be delivered and adverse host
responses. Viral vectors are limited by the size of the gene they can carry, e.g.
adeno-associated viruses can only accommodate up to 4.8 kb of exogenous
sequence, whereas the gene used in treatment of cystic fibrosis is 250 kb [5, 6].
Viruses pose a risk of recombination with endogenous viruses or unwanted
immune responses in the tissue, which has caused a death in clinical trials [7].
The induction of an immune response against viral antigens prevents repetitive
administration and may be toxic to the host [8].
Nonviral gene delivery provides reduced toxicity and immune response
and is non-pathogenic in comparison to viral delivery; however, it also has limited
transfer efficiency [1, 2]. The reduction in efficiency is caused by both
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extracellular and intracellular barriers to gene transfer [1, 9-11] (Table 1-1 and
Figure1-1).







Table 2-1: Barriers to Transfection
Extracellular
Intracellular
Mass transport
 Endosomal
escape
Cytotoxicity
Degradation
 Nuclear
trafficking
Aggregation
Internalization

Extracellular barriers are limitations of gene delivery external to the cell
including mass transport of the DNA complexes through the media or blood
stream to the cells, cytotoxicity of free (uncomplexed) lipids or polymers as well
as excess complexes, degradation of the DNA via nucleases, aggregation of
complexes, or exclusion of DNA from cellular internalization processes due to
large size [9, 10]. Research has been conducted to overcome the extracellular
barriers, e.g. protecting the DNA until it arrives at the cellular membrane,
packaging and condensing large genes by complexation with either a polymer or
a lipid, and also by increasing local concentration of DNA by substrate mediated
delivery as described below.
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Figure 1-1 Extracellular and intracellular barriers to DNA complexes including
cell binding, internalization, cytosolic trafficking, and nuclear entry.

Intracellular barriers prevent the DNA from being transcribed into RNA and
subsequently translated into the gene of interest [11]. Escaping from the
endosome before being degraded and subsequent nuclear transport (trafficking
to the nucleus and crossing of the nuclear membrane) are believed to be keys to
successful transfection [10]. Steps to minimize intracellular barriers have also
been investigated, e.g. addition of functional groups on complexing agents to
increase buffering capacity for improved endosomal escape, addition of nuclear
localization sequences for nuclear transport, and improved unpacking of
complexes [12, 13].
Many nonviral methods have been developed to overcome these barriers,
such as delivery of naked DNA, delivery by physical means or by complexation
methods. The simplest method of nonviral DNA delivery is direct injection of
naked DNA plasmid, which was first demonstrated into muscle by Wolff in 1990
[14]. Direct injection eliminates the need for a carrier molecule, minimizing
cytotoxic effects. The efficiency of plasmid DNA transferred into muscle is low,
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with reports of only ~1% of cells transfected [15] and this technique has not
proven suitable for deep or thin muscles [16, 17]. In addition, naked DNA
delivered systemically is rapidly degraded by nucleases (in less than 30
minutes), drained into the lymphatic system or cleared by the mononuclearphagocyte system [17]. Practically, direct injection requires surgery to expose
deep tissues, making this type of delivery an unlikely choice for clinical
application [17]. A variation to direct injection is hydrodynamic tail vein injection,
where a large volume of fluid is injected into the vascular system over a short
period of time which allows for the delivery of naked DNA and siRNA into the
liver [18]. The volume of solution is equal to approximately 10% of the animal’s
weight [19]. While this method has proven effective in lab animals, it is unsafe to
administer such a large volume of a person’s body weight in fluid or stop blood
flow to an organ for a short period of time to provide optimal conditions for
transfection as a clinical protocol [17]. Many additional physical delivery methods
have been developed to deliver DNA including electroporation [20], the gene gun
[21], and ultrasound [22]. These techniques also have limited application in vivo,
as many require exposure of desired tissue, provide a low transfection response,
or can cause damage to tissue of interest [17].
The most common and successful nonviral gene delivery method is
complexation with a delivery agent, where negatively charged plasmid DNA is
condensed through electrostatic interactions with cationic lipids to form
complexes termed lipoplexes [23, 24] or cationic polymers to form polyplexes
[25, 26]. Complexation provides the DNA protection from degradation by

22

nucleases and other serum components [27] and enhances cellular uptake by
reducing the effective size of DNA and promoting interactions between positively
charged DNA complexes and the negatively charged cellular membrane [27, 28].
These complexation agents can also facilitate intracellular trafficking, while
dissociating from the DNA to allow expression [12, 13].
Cationic lipids are used to mediate gene delivery. A cationic lipid contains
a hydrophobic tail (either fatty acid or alkyl moieties) and cationic head group
(amine terminated). The hydrophobic moieties in the cationic lipid allow the lipids
to form bilayer vesicles upon entering aqueous media, shielding the hydrophobic
region and presenting the amine groups to the media, which attracts the
negatively charged DNA [29]. The electrostatic interactions between the cationic
lipid and negatively charged DNA cause condensation of the DNA to form small
lipoplexes. Felgner [30] first proposed lipids as a nonviral delivery vehicle in
1987 by using N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium chloride
(DOTMA) to transfer DNA to cells. Other lipids such as N-[1-(2,3dioleoyloxy)propyl]-N,N,N-trimethylammonium chloride (DOTAP) and 1,2dimyristyloxypropyl-3-dimethyl-hydroxyethyl ammonium bromide (DMRIE) are
also commonly used to transfer genes to cells. While these lipids are effective at
gene transfer, proprietary lipids (e.g. Lipofectamine 2000 (LF2000) as used in
these studies) are able to increase transfer efficiency, though the structure of the
molecule is not published.
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The lipoplexes are typically formed with a positive charge (excess lipid) to
facilitate cell binding and promote internalization. Initially lipid-mediated
transfection was believed to commence through fusion between the lipoplex and
the plasma membrane [31], however more recently, it has been established that
clathrin-mediated endocytosis is the typical method of entry [32, 33]. Helper
lipids such as dioleoylphosphatidylethanolamine (DOPE) and cholesterol improve
transfection of lipoplexes by mixing with the endosomal membrane causing
membrane disruption, releasing the DNA into the cytosol [34-36]. After the DNA
escapes the endosome, the complexes are trafficked to the nucleus and
subsequently penetrate the nuclear membrane [29]. Cytotoxicity has been
reported with cationic lipids, indicating the need to optimize delivery ratios
between the lipid and DNA for maximum delivery while minimizing toxicity to the
cells [37].
Cationic polymers are more effective at condensing DNA than lipids, and
can be synthesized in different lengths and geometries [38-40]. Polyethylenimine
(PEI) is a typical cationic polymer synthesized in both linear and branched
configurations [25, 26], providing an electrostatic attraction to the negatively
charged DNA to form a polyplex for gene transfer. Although all forms of PEI are
efficient gene transfer agents [41], highly branched polymers such as 25-kDa PEI
(Figure 1-2) are able to condense large DNA molecules [42]; thus it is more
successful than linear forms at mediating transfection [25, 26]. PEI offers
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protection from nuclease degradation, potentially due to high charge density,
however this may result in higher toxicity of the polymer [10, 39, 41, 43].

Figure 1-2 Branched PEI is a commonly used polymer for efficient gene delivery.

Polyplexes are believed to enter the cell through endocytosis, though the
size, charge, composition, and stability of complexes appear to affect
internalization and trafficking in all cell types [43-49]. Specifically, a polyplex
enters the cell, through an endosome, where acidification begins by actively
transporting protons into the endosome by the Na+/H+-ATP pump [29]. It is
proposed that the secondary and tertiary amino groups on branched PEI act as a
“proton-sponge”, making it an effective buffer over a wide pH range [25],
especially in the endosomal compartment, causing more protons to be pumped
into the late endosome to lower the pH, while also bringing in anions and water
for osmotic balance [25],. The osmotic swelling causes endosomal rupture,
releasing the DNA-PEI complexes into the cytoplasm of the cell [24-26, 50].
After release from the endosome, the complexes are believed to track to the
nucleus along microtubules in the cytoplasm as it is too dense for diffusion [24].
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Once the complexes reach the nucleus, transportation through the nuclear
envelope is required. Most complexes do not have a mechanism to overcome
this barrier and rely on mitosis to break down the nuclear membrane [51]. To
promote entry into the nuclear envelope, nuclear localization sequences (short
cationic peptide sequences recognized by importins on the nuclear membrane)
can be added to the DNA to facilitate entry [52]. Both PEI and LF2000 were
used in this project to study transfection of cells seeded onto FN-adsorbed SAMs
to investigate if the complexing agent changed transfection profiles.
The objective of this project was to enhance nonviral delivery through
changes in the cell microenvironment by investigating how adsorbed protein on
defined surfaces controls gene transfer to cells adhered to these substrates. A
greater understanding of the cells’ interactions with their microenvironment will
allow better design of tissue engineering scaffolds for gene delivery as well as
promote efficient gene transfer for gene therapy. Previously, attempts to improve
transfection have focused on cationic polymers and lipids have been modified to
target cellular receptors for internalization in specific cell types [12, 13, 51], as
well as incorporated extracellular matrix (ECM) proteins and peptides into
complexes, including fibronectin, collagen, and peptides containing the cellbinding arginine-glycine-aspartic acid (RGD) motif [53-57]. Specifically, ECM
proteins have been associated with nanoparticles [53] as well as with calciumphosphate particles [54] prior to administration to prostrate tumor cells and
cervical cancer cells or fibroblasts respectively, increasing gene transfer to each
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cell type. Additionally, coating the cell substrate with ECM molecules prior to
complex immobilization in substrate-mediated delivery significantly increased
gene transfer over non-coated substrates [58], as described next.

1.2.2 Substrate Mediated Gene Delivery
Low concentration of DNA at the cell surface has been shown to be one
barrier to efficient gene delivery [59, 60], as previously discussed above. In
substrate-mediated gene delivery (SMD), poly- or lipoplexes are immobilized to a
surface with good cell adhesion properties, which increases the local
concentration of DNA in the cell microenvironment [61, 62], subsequently
improving transfection [58, 63]. Proteins including fibronectin and collagen have
been integrated with SMD, by coating substrates (immobilized proteins and
allowed to dry) prior to complex immobilization which enhanced transfection [58].
The effect of defined surface chemistry on SMD efficiency was investigated and
revealed that increasing carboxylic acid groups on the surface increased
complex immobilization and transfection, suggesting that electrostatic
interactions contribute to efficient gene delivery from a substrate [64]. In this
study, the correlation between the defined surface chemistries of self-assembled
monolayers (SAMs, see below) with adsorbed proteins was explored to
investigate if the delivery method (bolus or SMD) changed transfection profiles.
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1.2.3 Cell-Biomaterial Interface
Complexation and delivery methods have been used to increase nonviral
gene delivery, as described above, however, a greater focus on the interactions
between a cell and its microenvironment is necessary to better understand how it
modulates nonviral gene delivery. Cellular behaviors, dictated by such
interactions, may determine cell responsiveness to DNA delivery, allowing a
greater understanding of what contributes to efficient gene transfer. Biomaterial
surface properties, including microtopography, wettability (surface energy), and
surface chemistry, influence cell-surface interactions that, in turn, affect cellular
behavior such as cell adhesion, morphology, viability, migration, differentiation,
and apoptosis [65-70]. Cellular adhesion to surfaces is controlled by surface
chemistry. Specifically, cell attachment and subsequent growth has been shown
to increase on charged hydrophilic self-assembled monolayers (SAMs), while
poor cell growth and viability has been demonstrated on neutral hydrophilic and
hydrophobic SAMs [71-76]. Fibroblast attachment was faster and adhesion,
spreading, and cytoskeletal organization was significantly greater on hydrophilic
surfaces, as compared to hydrophobic surfaces [73, 74, 76].
While surface chemistry directly influences cell behavior, surface
properties are typically translated to cell behavior through a layer of adsorbed
proteins [77]. Proteins adsorb to biomaterial surfaces in different quantities,
densities, conformations, orientations, and binding strength depending on the
physicochemical properties of the surface [65-68, 78-82], including surface
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wettability, roughness, and chemistry [83-85]. For example, fibronectin (FN), a
protein of the ECM, is folded into globular domains specialized for particular
functions and upon adsorption to surfaces, undergoes conformational changes
that can lead to differences in cell integrin receptor binding, which have been
shown to modulate cell adhesion [80, 86-90]. Adsorbed ECM proteins (FN,
laminin and collagen) also increased cell spreading in hepatocytes [91], and high
amounts of adsorbed FN promoted cell spreading in endothelial cells [92].
Proliferation and differentiation in cardiomyocytes were controlled by the
conformation of FN adsorbed to different substrates [80]. Each of these cell
behaviors can be modulated via adsorbed proteins through integrin binding
specificity and focal adhesion assembly and signaling [93]. These changes in
the protein structure control the presentation of protein ligands and as a result
regulate integrin receptor binding and focal adhesion assembly [82]. Additionally,
the density of binding ligands, specifically RGD cell binding sites found in ECM
proteins FN, laminin and vitronectin, regulate cell spreading [94] and have also
been correlated to gene transfer and expression [95]. Biomaterial surface
chemistry also can influence the structural rearrangement of adsorbed layers of
proteins, including formation of FN fibrils [96], presumably by altering the strength
of protein adsorption to the surface, as well as affecting adsorbed protein
conformation and orientation, as described above. FN interacts with the cell
through integrins, triggering aggregation of FN into insoluble fibril matrices [97102]. The arrangement of FN into fibrillar networks has been shown to be
dependent on the adsorption strength of adsorbed FN to biomaterial substrates.

29

Enhanced displacement of FN and a higher degree of cellular FN reorganization
have been observed on more hydrophilic surfaces [82, 103], since cells have a
decreased ability to remove and reorganize FN adsorbed on hydrophobic
surfaces [104]. Specifically, strong adhesion of FN to hydrophobic surfaces
prevented rearrangement of the adsorbed layers [82] and thus prevented
angiogenesis of endothelial cells, whereas weak adsorption of FN on hydrophilic
surfaces promoted the formation of vascular structures [105] by human umbilical
cord vein endothelial cells (HUVECs). On hydrophilic surfaces, cells are able to
stretch FN to reveal cryptic bindings sites, which are critical to the formation of
the fibrils [106, 107]. Furthermore, these studies have revealed a clear relation
between FN adsorption strength and structural features of the FN fibrils [108],
which can be related to the structure of actin stress fibers in cells involved in the
FN reorganization [108]. While cell behavior has been characterized and
correlated to surface chemistry and protein adsorption, changes that occur in
nonviral gene delivery to cells in response to changes in surface properties
remain unknown, but it is hypothesized that interaction between cells and
biomaterial surfaces affects the ability of cells to internalize and process DNA
and engineering these interactions could serve as a versatile mechanism to elicit
specific transfection profiles.
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1.2.4 Self-Assembled Monolayers (SAMs)
Self-assembled monolayers (SAMs) were used as a model cellbiomaterial interface in this thesis project, to present surfaces with controlled
surface chemistry to control protein adsorption [65-68]. SAMs are a single layer
of molecules on a substrate, which exhibits dense, stable, crystalline structure, a
high degree of molecular alignment, order, and packing, as well as defined
surface chemistry, and featureless topography/surface roughness. SAMs can be
formed on various substrates including silicon oxide, glass, and gold [67] and
provide a reliable and useful model to study surface interactions [109-112].
These surfaces have proven to be robust and stable for use in cell culture for
several days [65]. The ability to tailor both head and tail groups of the
functionalized, long-chain organic molecules allows for the production of a variety
of surfaces with specific chemical interactions [67]. The most commonly used
SAMs are alkanethiols on gold surfaces where formation proceeds by placing a
cleaned gold substrate into a solution or vapor containing alkanethiols, which
chemisorb to the gold substrate and spontaneously form a monolayer. SAM
formation proceeds by the general equation presented below where X= terminal
functional group.
Au(0)𝑛 + HS(CH2 )𝑛 𝑋

300K,EtOH

X(CH2 )𝑛 S − Au I Au(0)𝑛−1 + 1 2 H2 ↑ [110, 113]

Chain ordering is accelerated by strong chain interactions, e.g. Van der Waals
force, in long chain alkanethiols [67].
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SAMs of alkanethiols on gold have been used to provide a flexible system
for regulating surface chemistry [65, 67, 71, 114] to examine cell-protein-surface
interactions [65-68]. Specifically, the underlying surface chemistry of SAMs, in
terms of wettability and charge, has been shown to modulate the structure [80,
115], orientation and conformation [65-68], as well as activity of adsorbed FN [78,
116, 117]. Using SAMs to modulate surface properties, the amount of protein
bound to a surface has been shown to increase as the hydrophobicity of the
surface increases [118-120] and hydrophilic surfaces have been shown to induce
fewer conformation changes than hydrophobic surfaces, allowing proteins to be
in an active state on hydrophilic surfaces [80, 117, 121]. Furthermore, cell
behaviors of adhesion and spreading a have also been shown to be influenced
by the substrate surface chemistry [75]. In this project, SAMs were be used as a
model biomaterial to present controlled interfaces to cells (specific surface
chemistries), as well as control protein ligand presentation (adsorption of protein
monolayers) and the strength of protein adhesion to form saturated protein
layers, in order to determine the effect of the cell-biomaterial interface on gene
transfer.

1.2.5 Nonviral Gene Delivery Applications
Nonviral gene delivery has several clinical and diagnostic applications,
including gene therapy, tissue engineering, and functional genomics. Nonviral
gene delivery can be used for gene therapy to replace a damaged or missing
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gene in diseases such as cystic fibrosis [122] and hemophilia [123]. Thus far,
most clinical trials have shown poor therapeutic efficacy likely due to ineffective
gene transfer [124, 125]. The protein produced by transfected cells may function
either locally or systemically, depending on the choice of gene product [126].
Tissue engineering can be used to restore, maintain or enhance tissues
and organs [127-129] that have been lost due to injury or disease. Tissue
engineering approaches make use of cells, scaffolds, and bioactive factors to
regenerate tissue. Scaffolds are porous, degradable structures [128], which may
be synthesized from a variety of materials, including polysaccharides [130, 131],
proteins [132, 133] and synthetic polymers [134], to name only a few. The
scaffolds are designed to allow the infiltration of cells to promote tissue
regeneration and have varying mechanical properties dependent upon the
application (e.g. bone or soft tissue). Cells added to the scaffold can be
immature (stem cell) or mature cells capable of performing the desired function,
obtained from the patient, donor, or cell line. A mixture of cells are necessary for
organ regeneration such as liver cells (hepatocytes) and blood vessel cells
(endothelial) to provide oxygen and nutrients [127, 128]. Scaffolds are typically
designed to degrade slowly upon implantation allowing cells to infiltrate the
material and form new tissue to replace the degraded scaffold. Thus, if bioactive
factors, e.g. vascular endothelial growth factor (VEGF), bone morphogenic
protein 4 (BMP4) or transforming growth factor beta 1 (TGF-β1) or plasmid DNA
encoding for these bioactive factors, are incorporated throughout the scaffold,
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degradation can theoretically provide controlled and sustained release of the
incorporated bioactive factor [128] thus promoting tissue regeneration [135-139].
Plasmid DNA can withstand harsh scaffold formation methods such as solvent
casting & particulate leaching (SCPL) or gas forming, which can denature
sensitive proteins causing them to be inactive [140, 141].
Functional genomics studies the function of DNA encoding for genes and
the noncoding portions as well as the nucleic acid and protein products. Cell
microarrays provide a format for high-throughput testing by stamping a small
amount of DNA onto a slide, exposing the DNA to a complexing agent (lipid or
polymer) to form complexes and subsequently plating cells on top [142]. The
cells will incorporate the stamped gene and express its product. These products
can be examined while in culture to understand protein translocation or calcium
fluxes which cannot be studied after the cells have been lysed for a traditional
microarray [142].
As an outcome of this project, the mechanism by which properties of a
biomaterial surface, in particular surface chemistry and adsorbed protein,
modulate cellular expression of nonviral vectors will be determined. Gene
therapy could be improved through incorporation of biomaterial-cell interactions
to improve transfection efficiency. These results will enable the design of
biomaterials that act as an adjuvant in gene therapy applications or for tissue
engineering scaffolds and functional genomics with surface properties that
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facilitate gene transfer to provide chemical and physical guidance in tissue
regeneration.

1.3 Description of Studies:
The purpose of these studies was to investigate how protein adsorbed on
defined surface chemistries modulates gene transfer to cells adhered to these
substrates (SAMs) compared to bare SAMs. These studies were performed
using SAMs to control surface chemistry and substrate topography as explained
above. The SAMs were characterized using XPS and contact angle
measurements. Adsorbed protein amounts were measured using a variety of
techniques detailed in Chapter 2 and Chapter 3. Transfection was evaluated
using two complexing agents, PEI and LF2000. Subsequent cellular behaviors
were analyzed to understand the correlation between adsorbed proteins and
cellular behavior that could be modulating transfection. By understanding the
interactions at the cell –biomaterial interface, design criteria can be developed to
promote optimal gene transfer.
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Chapter 2
Summary of Preliminary Studies

Abstract
Cell-biomaterial interactions and the corresponding cellular behaviors are
poorly understood. Therefore, in this study, the ability of biomaterial surface
properties to control nonviral gene delivery was investigated through surface
chemistry and protein adsorption and subsequently correlated to cellular
behaviors controlled by cell-biomaterial interactions. Self-assembled monolayers
(SAMs) of alkanethiols on gold were used as model biomaterials to investigate
the effect of surface properties on nonviral gene transfer to cells adhered to
these surfaces. SAMs presenting terminal CH3, OH, COO-, and NH3+
functionalities were adsorbed with varying concentrations of FN to determine the
amount of FN needed to form an adsorbed monolayer on the surface of SAMs,
onto which cells were then seeded and plasmid DNA was delivered via a bolus
approach using polymer- and lipid-mediated delivery techniques. SAMs without
adsorbed FN were used as a comparison, in addition to traditional polystyrene
(PS) culture surfaces. SAMs with different surface chemistries that were
adsorbed with FN influenced transfection profiles.
Additional preliminary studies explored the use of adsorbed bovine serum
albumin (BSA) as a blocking agent to fill in open spaces between the adsorbed
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FN on the SAM. Additionally, transfection was also investigated using substrate
mediated delivery on SAMs with adsorbed FN were substrate mediated delivery
was investigated for as well as substrate-mediated delivery. The results from
these preliminary studies were used to select conditions for subsequent studies.

2.1 Introduction
The goal of nonviral gene delivery is to provide a safe and efficient method
to introduce genes of interest into a desired area of the body by the transfer of
exogenous DNA to mammalian cells without the use of viruses. Nonviral gene
delivery allows for genetic modification in gene therapy and tissue engineering
applications, providing low toxicity, immunogenicity and lacking pathogenicity in
comparison to delivery by viral vectors. In nonviral approaches, plasmid DNA is
complexed with cationic lipids or polymers to facilitate transfection in vitro and in
vivo [13, 28, 143]. Complexation can enhance interactions between positively
charged DNA complexes and the negatively charged cellular membrane, in
addition to providing stability against degradation and facilitating intracellular
trafficking [27]. While nonviral delivery offers many advantages as previously
discussed, it still has limited efficiency compared to viral delivery caused by
several extracellular and intracellular barriers.
To improve nonviral transfer efficiency, specific extracellular matrix (ECM)
proteins, such as fibronectin and collagen, have been incorporated into delivery
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of nonviral DNA complexes, through use in complex formation [53, 144], as
coatings on microspheres for delivery [54], and as coatings on substrates for
substrate-mediated delivery (SMD) [58]. While increased gene delivery was
shown by each of these methods, little focus was given to the properties of the
proteins, in particular the cell-protein interface, and how those properties control
cell behavior that could in turn facilitate the delivery of the genes. Proteins are
known to adsorb to surfaces and depending on the surface chemistry it can
modulate the orientation, conformation, presentation of binding ligands, and the
amount of protein that adsorbs to the surface [78]. The cell biomaterial interface
is observed in the laboratory as well as in vivo upon the implant of a tissue
engineering scaffold. Thus it is important to understand how the cells interact
with the surface so the design of tissue engineering scaffold can be improved.
The interaction between cells and adsorbed proteins can be studied using
self-assembled monolayers (SAMs), which provide a stable substrate with
definable chemical functional groups to study protein adsorption [66]. SAMs of
alkanethiols on gold have been used to provide a flexible system for regulating
surface chemistry [65, 67, 71, 114] to examine cell-protein-surface interactions
[65-68]. Using SAMs to modulate surface properties, more proteins have been
shown to bind as the hydrophobicity of the surface increases [118-120], but
hydrophilic surfaces have been shown to induce fewer conformation changes
than hydrophobic surfaces, allowing proteins to be in an active state on
hydrophilic surfaces [80, 117, 121].
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In this chapter, the initial studies of the project are presented. The focus
includes optimization of FN concentration used for adsorption onto SAMs for
subsequent transfection, the effect of blocking adsorbed surfaces with bovine
serum albumin (BSA) and its effect on subsequent transfection, cellular
behaviors as a function of surface properties, studies with SMD on FN-adsorbed
SAMs, and finally some preliminary work to determine the amount of adsorbed
protein on SAMs.
The initial experiments studied the presence of FN adsorbed to SAMs and
its role in gene delivery to cells adhered on such surfaces was investigated. The
optimization of FN concentration used for adsorption was performed to determine
which concentrations would be the most beneficial to study and as a proof of
concept that the hypothesis was feasible to investigate. Tissue culture
polystyrene (PS) was chosen as a control surface due to its frequent use in
transfection studies.
Next the effect of blocking the FN-adsorbed SAMs with bovine serum
albumin (BSA) was investigated. Studies were performed to see if blocking the
surface with BSA altered the transfection profiles. After the proteins are
adsorbed onto surfaces, small spaces still exist between large protein molecules,
therefore, blocking with a smaller protein was proposed to fill the spaces. In
order to only study the protein of interest (FN) in future experiments, blocking
these areas with a much smaller protein, BSA, (Figure 2-1) was explored. BSA
is a small hydrophobic protein that adsorbs to surfaces and is commonly used to
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prevent nonspecific binding of proteins [145]. BSA is the most preferred and
commonly used blocking agent, because of its low cost and reduced steric
hindrance of specifically binding proteins [146].

Figure 2-1 After fibronectin (FN) is adsorbed on the surface of self-assembled
monolayers, the surface was subsequently blocked with bovine serum albumin
(BSA) to fill the small spaces in between the FN molecules and provide coverage
of the entire substrate, preventing nonspecific adsorption of serum proteins.

In addition to bolus delivery techniques described above, substratemediated delivery was investigated. Common delivery methods of complexes to
cells include bolus delivery or substrate-mediated delivery (SMD). In traditional
bolus delivery, cells are plated, allowed to adhere, and complexes are
subsequently added and allowed to diffuse from bulk media to the cells. The
media causes mass transport limitations as the complexes must travel to the
cells before delivering the gene of interest. In SMD, complexes are immobilized
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to the substrate and cells are then seeded on top of the complexes, which
provides a high local concentration of DNA [59, 60] and gives cells intimate
contact with the complexes (Figure 2-2). The surface is rinsed after complex
immobilization, removing any free or poorly attached complexes and excess
complexing agent (PEI or LF2000), thereby reducing the toxicity to the cells in
comparison to bolus delivery methods.

Figure 2-2 Bolus delivery is the traditional method of complex addition where the
complexes are added after seeding of the cells onto the desired surface.
Substrate-mediated delivery (SMD) is also a common method of nonviral gene
delivery where complexes are immobilized prior to cell seeding, providing
intimate contact between complexes and cells.
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SMD on bare SAMs has been previously studied [64], where it was shown
that COO- -terminated surfaces (hydrophilic, negatively charged) provided the
greatest transfection, which was correlated to amount of complexes loaded onto
the surface due to electrostatic interactions. Additionally, the role of ECM
proteins on transfection has been investigated using SMD [58], where various
ECM proteins were allowed to dry on tissue culture polystyrene (PS), complexes
were immobilized, the cells were seeded and the resulting transfection was
measured. This study showed transfection was increased by drying FN or FBS
on the substrate prior to transfection. In these preliminary studies, the role of FN
in the mediation of SMD without drying was investigated to see how adsorbed
protein (FN) controls transfection, presumably through altered FN conformation.
After initial transfection profiles were established, the corresponding
cellular behaviors including adhesion, spreading, and proliferation were analyzed
to understand how cellular behaviors may contribute or reveal changes in
transfection profiles. Subsequently, it was necessary to determine the adsorbed
quantity of protein on each SAM, by fluorescently-labeling FN as well as using
the NanoOrange protein assay. The studies presented here provide the
foundation for the studies in Chapter 3.
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2.2 Material and Methods
2.2.1 Self-assembled monolayers
Gold-covered glass slides were prepared by electron beam evaporation
(Mark 40, CHA Industries, Fremont, CA) with a 5 nm titanium adhesion layer and
30 nm gold layer. The gold coated slides were cut into smaller pieces using a
diamond tipped glass cutter (Fisher Scientific, Pittsburgh, PA), so each fit into
wells of standard 48-well tissue culture plate (Becton Dickson, Franklin Lakes,
NJ). The gold pieces were rinsed in copious amounts of pure acetone (Fisher
Scientific) and pure ethanol (Fisher Scientific) and dried under a stream of
nitrogen (N2). The alkanethiols used in this study included 1-decanethiol (CH3terminated), 11-mercapto-1-undecanol (OH-terminated), 11-mercaptoundecanoic
acid (COO--terminated) (Sigma, St. Louis, MO), and 11-amino-1-undecanethiol,
hydrochloride (NH3+-terminated) (Asemblon, Redmond, WA). These four
surfaces allowed the investigation of how wettability (hydrophobic vs.
hydrophilicsurfaces) as well as surface charge (positively, negatively or
uncharged hydrophilic surfaces) influenced protein adsorption which modulates
nonviral gene transfer. Alkanethiol stock solutions for each type were made
using degassed pure ethanol and further diluted to 2 mM using additional
degassed ethanol. SAMs were formed by placing cleaned gold pieces in a 2 mM
solution of alkanethiols for 45 minutes to overnight, depending on the alkanethiol.
Before use in the protein adsorption and transfection studies, SAMs were rinsed
in pure ethanol, dried with N2, and allowed to equilibrate in 1X Dulbecco’s
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phosphate-buffered saline (PBS, Invitrogen, Carlsbad, CA) at pH 7.4 for 15
minutes to ensure protonation or deprotonation of terminal functional groups at
physiological pH.

2.2.2 FN immobilization concentration optimization
FN concentrations of 5 µg/mL and 10 µg/mL have previously been used in
the literature [78] for immobilization to SAMs to study integrin-mediated cell
adhesion. For this project, concentrations of 5 µg/mL, 10 µg/mL and 100 µg/mL
were used to investigate protein adsorption on defined surface chemistries to
understand how different immobilization concentrations affect nonviral gene
delivery. Reported immobilization times for FN varied from 30 minutes to
overnight [78, 96, 147], so a common time of one hour was selected for all
surfaces. SAMs, prepared as described previously, were coated with FN in a
standard 48 well tissue culture plate by addition of 200 µL FN diluted in 1X PBS
to either 5 µg/mL, 10 µg/mL or 100 µg/mL, which was allowed to adsorb for one
hour at room temperature under sterile conditions. After adsorption, the protein
solution was removed and each surface was washed twice with 200 µL of 1X
PBS to remove passively adsorbed FN. The difference between transfection on
each SAM was determined as described below using a one-way ANOVA test
with Tukey post-test at 95% confidence level.

44

2.2.3 BSA Blocking of FN-SAMs methods
The FN-adsorbed SAMs, prepared as described above, were then blocked
with 1% heat-denatured bovine serum albumin (BSA; Fisher Scientific) for 30
minutes at room temperature under sterile conditions to prevent adsorption of
additional proteins from serum-containing media that may influence cellular
behaviors. After blocking, the surfaces were again washed twice with 200 µL of
1X PBS to remove excess BSA that passively adsorbed onto the SAMs.
Transfection profiles of cells on FN-adsorbed SAMs without blocking and on FNadsorbed SAMs blocked with BSA, determined as described below, were
compared to determine the effect of BSA. Additionally, bare SAMs (without
adsorbed FN) were coated with BSA to investigate surface properties of BSAadsorbed SAMs.

2.2.4 Cell culture and Transfection
Mouse fibroblast cells were used for all studies reported in this thesis. As
a common cell type used for transfection studies, fibroblasts also serve as a
good model for tissue engineering applications, as they are one of the first cell
types believed to infiltrate wound sites and facilitate healing [148]. These cells
secrete proteins of the extracellular matrix (ECM) and provide insight on how
cells interact with biomaterial interfaces (such as FN and scaffold materials) to
modulate transfection. NIH/3T3 cells (ATCC, Manassas, VA) were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, ATCC) with 10% calf serum
(Colorado Serum Company, Denver, CO), and 1% penicillin-streptomycin (Gibco,
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Carlsbad, CA), at 37oC and 5% CO2. Cells were seeded on FN-adsorbed SAMs
blocked with BSA, BSA-adsorbed SAMs, or tissue culture polystyrene (PS, as a
control) at a concentration of 12,000 cells/well and allowed to adhere for 18
hours before addition of complexes.
DNA complexes were prepared using either a cationic lipid (Lipofectamine
2000 (LF2000), Invitrogen) or a cationic polymer (polyethyleneimine, branched
25kD, (PEI), Sigma). Transfection conditions were optimized for LF2000
complexes to provide the greatest transfection amount with minimal cytotoxicity.
Specifically, complex formation using 0.2 to 0.4 µg DNA in 0.05 µg increments
with ratios ranging from 1 (µg) DNA: 1.5 (µL) LF2000 to 1 (µg) DNA:2.25 (µL)
LF2000 in 0.25 increments was investigated. After optimization of complex
formation conditions, lipoplexes were formed using 0.3 µg DNA in ratio of 1 (µg)
DNA to 1.75 (µL) LF2000 by adding LF2000 diluted in serum-free DMEM
(Invitogen) dropwise to DNA diluted in serum-free DMEM, mixing gently and then
allowing the complexes to form for 20 minutes. The complexes were added by
bolus delivery to cells adhered to the various SAMs, with 75 µL added to each
well. PEI delivery conditions were also optimized for the same constraints, using
0.3 to 0.6 µg DNA in 0.05 µg increments and N/P ratio of 10 to 25 in 5 N
increments, where the nitrogen groups on the PEI (N) were in a ratio with the
phosphate groups on the DNA backbone (P). Optimized polyplexes were formed
using 0.35 µg DNA in an N/P ratio of 15. PEI of 1 mg/mL was diluted in 150 mM
tris-buffered saline (TBS) and then added dropwise to DNA diluted in a separate
tube of 150 mM TBS and vortexed for 10 seconds. The complexes were allowed
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to form for 15 minutes and subsequently 50 µL of the complex solution was
added to each well containing cells seeded on SAMs, FN-adsorbed SAMs (with
and without blocking), BSA-adsorbed SAMs or PS.
All transfection experiments in this study used pEGFP-LUC, a plasmid
encoding for both enhanced green fluorescent protein (eGFP) and firefly
luciferase protein (LUC). The plasmid was grown and purified from bacteria
culture using Qiagen (Valencia, CA) reagents and stored in Tris-EDTA buffer
solution (10mM Tris, 1mM EDTA, pH 7.4) at -20oC. Only plasmids with purity of
1.8 or better measured by A260/A280 ratio on a spectrophotometer (BeckmanCoulter, Fullerton, CA) were used for transfection. eGFP expression allowed
transfection to be qualitatively analyzed using fluorescence microscopy at 48
hours. Firefly luciferase protein, which allows quantitative measurement of
transfection levels, was measured after 48 hours. For luciferase assays, the
cells were lysed using Reporter Lysis Buffer (Promega, Madison, WI) and frozen
at -80oC. The total luciferase produced by cells was determined using the
luciferase assay (Promega) by reacting luciferase from the cell lysate with its
substrate luciferin to produce light measured in a luminometer (Turner
Biosystems, Sunnyvale, CA).The total relative light units (RLU’s) were
normalized to the total protein to determine the amount of light produced per mg
of protein, which can serve as a measure of the number of cells per well. Protein
amounts were determined by the BCA assay (Pierce from Thermo Scientific,
Waltham, MA), which determines the total amount of protein in each well by
chelating copper 2+ to 1+ producing a purple color upon heating at 60oC for 30
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minutes. This color is analyzed using a spectrophotometer upon cooling and can
be correlated to total protein using a standard curve.

2.2.5 Investigation of Corresponding Cellular Behaviors
To measure cell adhesion, SAMs were prepared as previously described,
equilibrated in 1X PBS, and FN was adsorbed on each surface for one hour.
Each FN-SAM was rinsed twice with 1X PBS, blocked for 30 minutes with 1 %
BSA, and subsequently seeded with 300 µL of NIH/3T3 cells at a concentration
of 12,000 cells/well. SAMs were also prepared with only BSA adsorbed as a
control. The cells were allowed to adhere on all surfaces for either 4 hours after
cell seeding (initial time point when cells are believed to adhere) or 66 hours after
seeding (time point when transfection was analyzed), then rinsed twice with 1X
PBS and stained with 2.4 µg/mL Hoechst 33258 (Invitrogen) in serum-free media
for 50 minutes at 37oC to stain the nuclei of each cell to aid in the counting of the
number of cells adhered to the surface. Five images of each surface in triplicate
surfaces were taken using fluorescent microscopy (Leica DMI 3000B,
Bannockburn, IL) and analyzed using ImageJ software (National Institutes of
Health (NIH), Bethesda, MD). The number of cells attached was counted and
the average number of cells per image was determined. The difference between
the number of adhered cells on each surface was determined using a one-way
ANOVA test with Tukey post-test at 95% confidence level.
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Spreading was determined using the same sample preparation as for the
adhesion studies. Cells were allowed to adhere for either 4 hours after cell
seeding (time point where cells are believed to adhere) or 66 hours after seeding
(time point when transfection was analyzed). Subsequently, the cell cytoplasm
was stained using 2µM Calcein AM (Becton Dickson) in 1X PBS, with incubation
for 20 minutes at 37oC. Five images of each SAM type with adsorbed FN or
adsorbed BSA were captured for spreading experiments using fluorescent
microscopy (Leica DMI 3000B, Bannockburn, IL) on triplicate surfaces.
Spreading was quantified by determining the cell projected area in each picture
using ImageJ software (NIH) and subsequently calculated the average spreading
per surface condition. The difference between the cellular spreading on each
surface was determined using a one-way ANOVA test with Tukey post-test at
95% confidence level.
Proliferation was determined by following the manufacturer’s instructions
for the MTT assay (Promega; Madison, WI). After SAM preparation, digital
photographs (Canon PowerShot, Lake Success, NY) of each surface were taken
before cell seeding and analyzed with ImageJ (NIH) to determine the area of
each surface. The difference between transfection on each SAM was
determined using a one-way ANOVA test with Tukey post-test at 95% confidence
level. The difference between cell proliferation rates on each surface was
determined using a one-way ANOVA test with Tukey post-test at 95% confidence
level.
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2.2.6 Methods to Determine Adsorbed Protein Amount
Protein concentration can be measured using a spectrophotometer by
measuring the protein absorbance at 280nm and estimating the extinction
coefficient of the protein sequence [149, 150] or by labeling the protein with
either a fluorescent or radiolabel, or by using a protein assay such as the BCA,
Bradford, or NanoOrange [151]. To determine the amount of adsorbed protein
on SAMs, both fluorescent labeling techniques and the NanoOrange assay were
performed.

Fluorescein isothiocynate (FITC) is a common fluorophore used for
labeling proteins. Recently, FITC has been modified to provide more photostable
labels such as Alexa 488 and Dylight 488. In this project, DyLight 488 (Green)
Labeling kit (Thermo Scientific) was selected to fluorescently label FN following
manufacturer’s instructions. This kit was designed to label proteins providing
fluorescence excitation at 493nm and emission at 518nm measured by a blue
module in a fluorometer. Briefly, 40μL of borate buffer was added to 500μL of
protein solution (1mg of FN at 2mg/mL in 1X PBS), which was subsequently
added to a Dylight reagent vial and gently inverted 10 times. Next the vial was
briefly centrifuged and allowed to incubate at room temperature for one hour
protected from light. The protein was then purified through a spin tube and used
in subsequent experiments.
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2.2.6.1 Measuring adsorbed FN using microscopy
After FN was labeled with Dylight 488, it was diluted with 1X PBS to 10
μg/mL and subsequently allowed to adsorb to a SAM surface for one hour. The
SAM was then rinsed twice with 1X PBS and moved to a new well, so only the
amount of Dylight 488 labeled-FN adsorbed on the SAM would be measured.
After adsorption, the Dylight 488-FN adsorbed SAM was inverted and imaged on
the fluorescent microscope to determine the amount adsorbed by fluorescent
intensity.

2.2.6.2 Measuring adsorbed FN using SDS displacement
Alternatively, SAMs and PS were coated with 10 μg/mL Dylight 488-FN,
as described above. Following rinsing with 1X PBS and moving to a new well,
sodium dodecyl sulfate (SDS) was added to each well and incubated for 15
minutes to one hour with SDS concentrations from 1 to 10% to displace labeledFN off of the SAM surface, with and without sonciation. The amount of displaced
Dylight 488-FN was then measured using the fluorometer, as described above.

2.2.6.3 Measuring adsorbed FN using NanoOrange
Finally, adsorbed protein amount was determined by the NanoOrange
assay (Molecular Probes from Invitrogen) following manufacturer’s instructions,
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which provides greater sensitivity to protein amount than the bicinchoninic acid
(BCA) method, the Bradford assay, the Lowry assay or absorption at 280nm, and
doesn’t require protein labeling which could alter adsorption to SAMs [152, 153].
Briefly, 10 μg/mL FN was allowed to adsorb to SAMs and PS for one hour. The
supernatant was removed and the surface was rinsed twice with 1X PBS. The
adsorbed protein on SAMs or PS was removed by both SDS and sonication from
30 minutes to 2 hours. The protein sample (10 μL) obtained from each SAM
was added to the NanoOrange working solution. Samples were subsequently
incubated at 90°C for 10 minutes and allowed to cool to room temperature for 20
minutes all while protected from light. Fluorescence was measured using the
blue module in the fluorometer, as previously described. Fluorescent standard
units were converted to adsorbed FN surface densities (ng/cm 2) using a standard
curve.
2.2.7 Substrate-mediated Delivery
SAMs, prepared with four surface chemistries (COO-, NH3+, OH, and CH3)
as described above, were coated with 300 μL of FN diluted in 1X PBS to 10
µg/mL, in a standard 48 well tissue culture plate and allowed to adsorb overnight.
Additionally, PS, adsorbed with FN or 10% fetal bovine serum (FBS) using the
same conditions as SAMs, were used as control surfaces to investigate the
difference between surface chemistry and protein type, as FBS has been
previously used in studies to facilitate transfection using SMD [58]. After the
adsorption period, the protein solution was removed and each surface was
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washed twice with 200 µL of 1X PBS to remove passively adsorbed protein.
DNA complexes were prepared using a cationic lipid (LF2000, Invitrogen).
Briefly complexes were formed in a ratio of 1 (µg) to 1.5 (µL) LF2000 by adding
LF2000 diluted in Opti-MEM (Invitogen) dropwise to DNA diluted in Opti-MEM,
mixing gently and then allowing the complexes to form for 20 minutes. The
complexes were added to FN-adsorbed SAMs, and controls of FN on PS and
FBS on PS, with 300 µL added to each well. After allowing the complexes to
immobilize for four hours, the surfaces were rinsed twice with 300µL of Opti-MEM
to remove any loosely immobilized complexes. Cells (18,000 cells/well) were
subsequently seeded and assayed for eGFP expression (using fluorescence
microscopy) 48 hours later and transfection levels of LUC by luciferase assay as
described above. After proof of concept studies, SMD complex formation was
optimized using 0.75 to 2.25 g DNA in 0.25 increments with a ratio of 1 (µg)
DNA to 1.5 (µL) LF2000 to a ratio of 1 (µg) DNA to 2 (µL) LF2000 in 0.25
increments. A large amount of DNA was used for immobilization of complexes
as only approximately 20% of the complexes attach [63]. The difference
between transfected surfaces was determined using a one-way ANOVA test with
Tukey post-test at 95% confidence level, as described above.
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2.3 Results
2.3.1 FN immobilization concentration optimization
Initially, transfection experiments were conducted to find the optimal
protein concentration for adsorption to SAMs, which provided the maximum
transfection enhancement and preliminarily confirmed the hypothesis that protein
adsorption on specific surface chemistries modulates gene transfer. While
determining the optimal concentration for immobilization, only two SAM types,
COO- and CH3, where used to save on time and material cost. Both delivery
agents, LF2000 and PEI, as well as multiple time points for transfection analysis
(24 and 48 hours) were used to investigate the transfection profiles to find the
optimal conditions. A sample of the results (Figure 2-3) demonstrated an
increase in transfection by the addition of FN on CH3-terminated surfaces with
either transfection agent at both 24 and 48 hours, whereas COO--terminated
SAMs, typically exhibited no change or a decrease in transfection by the
adsorption of FN compared to the bare COO--terminated SAM.
Figure 2-3 Initial transfection studies used both transfection agents, LF2000 and
PEI, to determine optimal protein concentration for transfection modulation on
three surfaces, COO-, CH3 and the PS control. Results displayed show a sample
of the experiments at the various time points. COO--terminated surfaces showed
a decrease or equal transfection upon adsorption of FN using LF2000 at 48
hours (A), LF2000 at 24 hours (D) and PEI at 48 hours (G). FN adsorbed CH 3terminated SAMs showed an increase in transfection compared to bare CH 3terminated SAMs using LF2000 at 48 hours (B), LF2000 at 24 hours (E) and PEI
at 48 hours (F). PS showed a decrease in transfection upon the addition of FN
using LF2000 at 48 hours (C), or an increase in transfection by the addition of FN
with both LF2000 at 24 hours (F) and PEI at 48 hours (I). After completion of
these studies, 10 μg/mL was selected for use in all subsequent studies.
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As previously noted, 5 µg/mL of FN, 10 µg/mL of FN and 100 µg/mL of FN were
used in these studies and revealed surfaces immobilized with 5 µg/mL of FN for
one hour provided inconsistent transfection results whereas both 10 µg/mL of FN
adsorbed for one hour and 100 µg/mL of FN adsorbed for one hour provided
reproducible results. Additionally these studies (Figure 2-3) revealed that CH3terminated SAMs (hydrophobic) increased transfection as the protein
concentration increased (Figure 2-3B) whereas the presence of FN did not alter
transfection on the COO--terminated SAM and the PS control surface (Figure 23A and 2-3C). It is hypothesized that the low transfection on COO--terminated
SAMs could be due to inconsistent adsorption of the FN on each SAM type
potentially leaving open spaces on the SAM. These open spaces allow other
proteins from the serum to adsorb potentially altering the transfection profiles as
the cells would interact directly with the surface chemistry instead of through the
adsorbed protein layer. Thus it was necessary to investigate the use of blocking
the surface with a small protein to prevent the nonspecific binding of serum
proteins.

2.3.2 Transfection on FN-SAMS blocked with BSA
From the initial transfection results (Figure 2-3), we hypothesized the
SAMs were not entirely covered with FN allowing serum proteins to adsorb and
interfere with the results. In order to specifically investigate the role of FN
adsorption in transfection, the use of a blocking protein was analyzed to eliminate
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the possibility of serum proteins nonspecifically adsorbing to the SAMs. BSA
was selected as the blocking protein since it is a hydrophobic protein and has
been shown to prevent the absorbance of serum proteins from the media [145].
Additionally, BSA is the most preferred and commonly used blocking agent,
because of its low cost and reduced steric hindrance of specifically binding
proteins [146]. Blocking with BSA increased the transfection on COO--terminated
SAMs, so it also had greater transfection than PS (Figure 2-4). The CH3terminated SAM blocked with BSA continued to have increased transfection upon
the adsorption of FN. With these results, we hypothesized that the addition of FN
could either increase transfection (CH3-terminated SAM) or decrease the
transfection (COO--terminated SAM) depending on the surface chemistry.
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Figure 2-4 Initial transfection studies were completed on FN-adsorbed, blocked
with BSA. Transfection on FN adsorbed COO--terminated SAMs increased in
comparison to unblocked FN adsorbed COO--terminated SAMs. Transfection on
FN adsorbed CH3-terminated SAMs continued to show an increase in
transfection in comparison to bare CH3-terminated SAMs.

After demonstrating transfection differences on two surface chemistries,
the studies were expanded to all surface chemistries (COO-, CH3, OH and NH3+)

57

to confirm the hypothesis that different surface chemistries coated with FN would
have different transfection efficiencies. The expanded studies were completed
using one adsorption concentration, 10 μg/mL FN instead of 100 μg/mL FN due
to material costs and its ability to provide reproducible results.
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Figure 2-5 Initial transfection studies were completed on FN-adsorbed, blocked
with BSA. Both transfection delivery agents provide the same transfection trend
between surfaces, where the CH3-terminated SAM (hydrophobic) produced the
greatest transfection (*p<0.1).

These initial experiments demonstrated cells adhered to hydrophobic
surfaces (CH3-terminated SAMs with adsorbed FN) had the greatest transfection
using both LF2000 and PEI as complexing agents (Figure 2-5). Both transfection
reagents provided the same transfection trend between SAM surfaces showing
the greatest transfection on CH3 (hydrophobic), followed by COO- (hydrophilic,
negatively charged), then NH3+ (hydrophilic, positively charged) and finally OH
(hydrophilic, uncharged), which indicates surface chemistry or substrate
characteristics may modulate protein adsorption which in turn affects gene
transfer. Typically, a hydrophobic surface (SAM terminated with CH3 group) has
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poor cell adhesion and spreading qualities [73, 76, 154], but studies have
demonstrated increased cell adhesion and spreading after FN adsorption on a
hydrophobic surface [76]. Additionally, FN conformational changes have been
observed after adsorption to hydrophobic surfaces, revealing cryptic binding sites
[155-158], which allow more cells to adhere and could increase transfection on
CH3 -terminated surfaces. These results are further explored in Chapter 3. Both
transfection reagents show the same trend which could be potentially occur if the
cells used the same pathway for internalization and cellular trafficking to the
nucleus. It is important to note that the cells used in these preliminary
experiments had been passaged many times by a previous lab and for that
reason, were not used in future studies (and this may explain discrepancies
between preliminary data in this chapter and data presented in Chapter 3).
However, this preliminary data further validated the need to understand the
protein-cell interactions and how these interactions modulated transfection.
2.3.3 Transfection on BSA-adsorbed SAMs
As a control in the above studies, BSA was adsorbed onto bare SAMs (no
preadsorbed FN) and used in transfection studies. The greatest transfection was
observed on charged, hydrophilic surfaces with adsorbed BSA using both
delivery reagents, LF2000 and PEI, and the uncharged, hydrophilic or
hydrophobic surfaces had very low transfection (Figure 2-6) thus enhancement
shown Figure 2-4 and Figure 2-5 was due to FN and not BSA. Studies have
investigated BSA’s role in modulating transfection levels and efficiency showing
the addition of BSA or the human analog, human serum albumin (HSA), to a
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complexing polymer prior to complexation with DNA increases transfection levels
in human epithelial carcinoma cell line (HeLa) [159]. HSA is believed to
modulate transfection through a role in the endocytotic pathway, perhaps by
targeting albumin receptors [160]. Additionally HSA has been incorporated in
nanoparticle formation providing an increase in transfection in human embryonic
kidney cells (HEK 293) [161]. While no studies have examined how BSA
adsorbed on defined surface chemistries modulates gene transfer, it is
hypothesized the neutral hydrophilic and hydrophobic surfaces altered the
orientation or conformation of BSA limiting cellular adhesion on these surfaces
thus minimizing transfection. The effect of BSA on transfection was not further
pursued as we were most interested in the effect of ECM proteins which are
found in the cell’s microenvironment.
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2.3.4 Investigation of Corresponding Cellular Behaviors on FNadsorbed SAMs
Cell adhesion, spreading, and proliferation on FN-adsorbed SAMs (Figure
2-7), blocked with 1% BSA, were analyzed to determine if these cellular
behaviors, potentially affected by the adsorbed FN, were influencing the
transfection. Adhesion was determined at 4 hours after cell seeding and 66
hours after cell seeding (corresponding time point to transfection assay) to
determine how many cells initially adhered compared to the number of cells
present at the transfection assay. Four hours after seeding, the typical time for a
cell to adhere to a surface, all SAMs had very few adhered cells which poorly
represented the actual events that were occurring and were instead due to
complications with the assay. Thus only the cellular behavior results (Figure 2-7)
obtained 48 hours after transfection (66 hours after cell seeding) were analyzed.
Cell adhesion was greatest on the OH-terminated SAM, which had the
least amount of transfection, so for these studies, transfection did not correlate to
adhesion (Figure 2-7). These results conflict with previous studies where cell
growth has been shown to be high on SAMs presenting COO - and NH3+-terminal
functional groups, while poor cell growth and viability has been demonstrated on
OH- and CH3-terminated surfaces [71-76]. The results represented in Chapter 3
for these studies align with those previously published, thus these results
presented here could be a reflection of highly selected cells due to their age in
passage (as noted above). Cellular spreading was the greatest on CH3 -
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terminated SAMs possibly because of the denaturing of adsorbed FN on the
hydrophobic surface [157, 158], which promotes increased cellular spreading.
The proliferation on OH- and CH3-terminated SAMs showed a decrease between
24 and 48 hours after the addition of complexes; potentially the cells had reached
confluency and stopped proliferating.
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Figure 2-7 Cellular behaviors of adhesion, spreading and proliferation on SAMs,
■ COO-, ▼ CH3, ● OH and ▲ NH3+, were observed at 48 hours after the addition
of complexes on SAMs adsorbed with 10 μg/mL FN for 1 hour with subsequent
blocking with 1 % BSA (*p< 0.1, **p<0.05, and ***p<0.001).

The increased transfection on CH3-terminated SAMs correlated with spreading,
but did not coincide with adhesion and proliferation data. While these were very
promising results, the SAMs used in this chapter were coated using equal
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immobilization time and FN concentration, not equal adsorbed amount. Since
surface chemistry has been shown to regulate protein adsorption [78], the
comparisons on different surface chemistries were potentially complicated by
different FN “doses”. If the adsorbed amounts on each surface were different,
these results would potentially only show the effects of protein amount, not how
the presence of a FN monolayer dictated transfection. Thus, the amount of
adsorbed protein was investigated using fluorescently labeled FN and the
NanoOrange protein assay, discussed Section 2.3.6 and ultimately125I labeled
FN, discussed in Chapter 3 to ensure future experiments used equal amounts of
FN on all SAMs.

2.3.5 Investigation of how BSA Modulates Transfection
Cell adhesion on BSA-adsorbed SAMs was statistically greater on
charged hydrophilic surfaces than either uncharged hydrophilic surfaces or
hydrophobic surfaces (Figure 2-8), which has been previously demonstrated on
uncoated SAMs [71-76, 162, 163]; thus the adhesion trend corresponded to
transfection levels. BSA has also been shown to produce minimal adhesion and
spreading of epidermal cells on PS [164] corresponding to the CH3- and OHterminated SAMs which are most similar to PS. The few cells that were able to
adhere on OH- and CH3- terminated SAMs had statistically significant increased
spreading in comparison to COO--terminated SAMs. Since little information is
known about the role of BSA in modulating cellular behaviors, it is hypothesized
the neutral hydrophilic and hydrophobic surfaces altered the orientation or
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conformation of BSA allowing greater access to albumin ligands on NIH/3T3
cells[165], promoting spreading on this surface. The proliferation rate increased
for all surfaces, except OH-terminated SAM, which showed a decrease in
proliferation rate. This result is expected on the OH-terminated SAM since there
were few cells attached and most died by 48 hours. CH3-terminated SAMs had a
very low to static proliferation rate indicating the cells were existing, not
proliferating or dying. The greatest transfection on a BSA surface was observed
on charged hydrophilic surfaces, potentially mediated by cellular adhesion and
subsequent proliferation which are two well documented behaviors that may
influence transfection [80, 86-90, 94, 95] It is also important to note, the SAMs
probably did not have the same amount of BSA adsorbed, which could cause
changes in the observed transfection.
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Figure 2-8 Corresponding cell behaviors (adhesion, spreading, and proliferation)
on SAM surfaces, ■ COO-, ▼ CH3, ● OH and ▲ NH3+, with adsorbed BSA.
These results correlate transfection to spreading, but did not find a correlation
between transfection and adhesion or proliferation (*p<0.1, **p<0.05, and
***p<0.001).

2.3.6 Dylight 488-labeled FN and NanoOrange Protein Assay
As previously discussed, a change in transfection profiles with correlating
cell behaviors on FN-adsorbed SAMs was observed Thus it was necessary to
investigate the amount of adsorbed protein on each surface to determine if the
adsorbed amounts were different enough to mask results caused by FN
conformation. Surface chemistry has been shown to modulate protein amounts
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[78, 80, 158, 166, 167] and could cause the observed changes in transfection
and cellular behavior [88, 168-170]. Therefore, experiments with Dylight 488labeled FN were conducted as one approach to determine the amount of
adsorbed protein on the SAMs.
In order to calculate the amount of adsorbed FN on SAMs, fluorescently
labeled (Dylight 488) FN was used to visualize the adsorbed amount determined
by fluorescence microscopy. Each SAM was flipped to increase visualization, yet
Dylight488-labeled FN was unable to be visualized since the underlying gold
surface quenched the fluorescence (no images were captured as no
fluorescence was observed). Removal of Dylight 488-labeled-FN using SDS was
also unsuccessful as the mass balance could not be closed (~450 % of the initial
amount was found on each SAM type). NanoOrange was used as an alternative
to fluorescently labeled FN to determine the amount adsorbed. The SDS
concentration (1-10%) used to displace the FN from the SAMs interfered with the
assay, resulting in a recovery of only ~60% of the total protein and SDS at a
lower concentration did not adequately remove the protein. Finally, the
radiolabel, 125I, was used to measure the amount of FN adsorbed (results
presented in Chapter 3).

2.3.7 Bolus and SMD delivery
Delivery of complexes by both bolus delivery and substrate-mediated
delivery was investigated to determine if the delivery method changed
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transfection profiles between FN-adsorbed SAMs. FN (10 μg/mL) was
immobilized on SAMs without drying, prior to complex immobilization and cell
seeding as it was in all previous studies in this project. With this method, OHterminated SAMs had the greatest transfection (Figure 2-9), which is drastically
different from the bolus results where it had the least amount of transfection for
all adsorbed protein amounts. Additionally, these results contrast with previous
studies where COO--terminated surfaces had the greatest transfection without
immobilized protein [64], but in the absence of proteins, electrostatic interactions
between the surface and complexes contributed to complex loading, whereas
here, the adsorbed FN interacts directly with adsorbed complexes. Additionally,
CH3-terminated SAMs had the least amount transfection for the four SAMs
whereas it had the greatest transfection using the bolus method, which may be
expected as bare hydrophobic surfaces do not support high levels of SMD
transfection [64]. We hypothesize the FN unfolds as it adsorbs to CH3terminated SAMs, which controls the adhesion of complexes. Additionally, all
SAM surfaces had greater transfection amounts than the PS control, which
indicates the mere presence of FN does not modulate transfection. However,
surface chemistry and adsorbed FN together modulate transfection profiles using
SMD. Specifically, surface chemistry has been shown to control the amount of
adsorbed complexes on bare surfaces [64], thus surface chemistry could be
transferred through adsorbed protein layer controlling the adsorption of
complexes modulating transfection through SMD.
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Figure 2-9 SMD on SAMs showing an increase in transfection on the hydroxyl
surface (OH-terminated SAM), which is very different than in bolus transfection
where CH3-terminated SAM had the greatest transfection and the OH-terminated
SAM had the least transfection.

The transfection trend on FN adsorbed SAMs were different than
previously reported findings on bare SAMs [64] using SMD, as COO--terminated
surfaces were shown to have the greatest transfection[64]. Sub-optimal complex
conditions or the amount of DNA immobilized to the surface could potentially
cause the change in transfection trends between bare SAMs or FN-adsorbed
SAMs. The SMD conditions (complex formation ratios and immobilization times)
were optimized. Specifically, 1.5 to 2.25 µg DNA in 0.25 µg increments with
ratios ranging from 1 (µg) DNA: 1.5 (µL) LF2000 to 1 (µg) DNA: 2 (µL) LF2000 in
0.25 increments was investigated as previously described and allowed to
immobilize for 1 to 4 hours. Optimization results using varied DNA amounts with
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a ratio of 1 μg DNA: 2μL LF2000 with immobilization of 2 hours (Figure 2-10) did
not show a significant increase in transfection by increasing the amount of DNA
in the complex formation. No further work was completed on this experiment as
the amount of adsorbed protein could be different between the surfaces
influencing the SMD transfection results as well. Therefore

125

I studies were

used to determine the amount of adsorbed protein for use in bolus delivery
studies presented in Chapter 3.
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Figure 2-10 When optimizing SMD on FN-adsorbed PS, changing DNA amount
did not modulate the amount of observed transfection. Traditional SMD with FBS
adsorbed PS had better transfection than any DNA amount on FN-adsorbed PS.
Further analysis is needed to determine if FN-adsorbed surfaces can improve
transfection over the previously tested FBS-adsorbed surface.
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2.4 Conclusions and Next Steps
In these studies, SAMs of alkanethiols on gold were used to investigate
the modulation of transfection profiles through surface chemistry, protein
adsorption, and subsequent cell interactions. The interactions between cells and
biomaterial surfaces were hypothesized to affect the ability of cells to internalize
and process DNA and engineering these interactions could serve as a versatile
mechanism to elicit specific transfection profiles. SAMs presenting hydrophilic
and negatively charged (COO-), hydrophilic and positively charged (NH3+),
hydrophilic and uncharged (OH), and hydrophobic terminal functional groups
(CH3) have been used to study modifications in protein orientations due to
surface chemistry [78] and were used here as model biomaterial substrates to
correlate those modifications to gene transfer. Cells were seeded on FNadsorbed SAMs and DNA lipoplexes or polyplexes were added via bolus delivery
after seeding and assayed for transfection via fluorescent microscopy after 48
hours (Chapter 2) or 24 hours (Chapter 3) and then a luciferase assay
determined transfection levels. Cellular behaviors including adhesion, spreading,
and proliferation were analyzed to understand how cellular behaviors may
contribute or reveal changes in transfection profiles. The initial studies showed
an increase in transfection on CH3-terminated surfaces and very little transfection
on OH-terminated surfaces. The corresponding cellular behaviors indicated
cellular spreading was important for increased transfection. Additionally, SMD
showed the greatest transfection on OH-terminated surfaces, indicating surface
chemistry could alter how complexes adhere to proteins adsorbed on SAMs.
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These preliminary results demonstrate and set the foundation for the connection
between surface chemistry, protein adsorption and gene delivery further explored
in Chapter 3. Additionally transfection was briefly analyzed for protein
modulation in SMD.
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Chapter 3
Controlling Nonviral Gene Delivery through the CellBiomaterial Interface

Abstract
Nonviral gene delivery and the corresponding cellular behaviors are poorly
understood. Thus, in this study, the ability of biomaterial surface properties to
control nonviral gene delivery was investigated through surface chemistry and
protein adsorption and subsequently correlated to cellular behaviors controlled by
cell-biomaterial interactions. Self-assembled monolayers (SAMs) of alkanethiols
on gold were used as model biomaterials to investigate the effect of surface
properties on nonviral gene transfer to cells adhered to these surfaces. SAMs
presenting terminal CH3, OH, COO-, and NH3+ functionalities were adsorbed with
either a monolayer or multilayer of FN, onto which cells were then seeded and
plasmid DNA was delivered via a bolus approach using polymer- and lipidmediated delivery techniques. SAMs without adsorbed FN were used as a
comparison, in addition to traditional polystyrene (PS) culture surfaces. FN dose
response and underlying surface properties together contributed to transfection
profiles, which, for Lipofectamine 2000 (LF2000), exceeded levels on traditional
PS surfaces, even with the addition of FN. These results indicate not simply the
presence of FN, but also its interaction with the underlying surface and resulting
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cell behaviors, enhance transfection. After FN multilayer adsorption to SAMs, the
CH3 -terminated surface had the greatest transfection in comparison to all other
SAMs and the PS control. It is proposed that this increase can be correlated to
cytoskeleton reorganization and FN fibrillogenesis. These studies allowed initial
understanding of the relationships between biomaterial surface properties,
adsorbed proteins, and nonviral gene transfer to cells interacting with these
surfaces in order to design optimal material surfaces that promote gene delivery
for use in therapeutic and diagnostic applications, including biomaterials-based
delivery strategies. A greater understanding of the cells’ interactions with their
microenvironment will allow better design of tissue engineering scaffolds for gene
delivery as well as promote efficient gene transfer for gene therapy.
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3.1 Introduction
Gene delivery approaches provide a mechanism to directly alter gene
expression within a cell population. However, challenges with current delivery
systems have limited the use of gene delivery approaches in therapeutic
applications, such as gene therapy to correct genetic deficiencies or tissue
engineering scaffolds, where gene delivery can present chemical factors to guide
tissue formation in regeneration matrices for treatment of organ loss and failure.
In nonviral gene delivery approaches, plasmid DNA is complexed with cationic
lipids or polymers to facilitate transfection in vitro and in vivo [13, 28., 143]
Complexation can enhance interactions between positively charged DNA
complexes and the negatively charged cellular membrane, in addition to
providing stability against degradation and facilitating intracellular trafficking [27].
While nonviral delivery has limited efficiency in comparison to viral delivery, the
advantages of nonviral DNA delivery (low toxicity, immunogenicity and lacking
pathogenicity in comparison to delivery by viral vectors) warrant the need to
further improve such delivery systems for therapeutic applications.
Both extracellular (mass transport limitations, cytotoxicity, degradation,
aggregation, cell targeting, and uptake [171]) and intracellular (release from
endosomal/lysosomal compartments into the cytoplasm, delivery to the nucleus,
and expression of the transgene [11]) barriers exist that prevent efficient nonviral
gene transfer. Modification to the DNA and the cationic lipids or polymers [12,
13], or methods to incorporate extracellular matrix (ECM) proteins and peptides
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into complexes, including fibronectin, collagen, and peptides containing the cellbinding arginine-glycine-aspartic acid (RGD) motif [53-57], have been developed
to overcome the barriers to successful gene delivery, as well as to understand
the underlying gene transfer process. While increased gene delivery was shown
by each of these methods, little focus was given to the properties of the proteins
in particular the cell-protein interaction, and how those properties control cell
behavior that could in turn facilitate the delivery of the genes. Furthermore, few
efforts have been made to understand the role of biomaterial-protein-cellinteractions, which mediate cell behavior that could dictate cellular
responsiveness to nonviral gene transfer. Fibronectin (FN) has been adsorbed
on substrates and independently investigated for its role in modulating cellular
behaviors, showing the presence of FN mediates cell adhesion [80, 86-90], cell
spreading [91, 92], proliferation [80], differentiation [172] and the ability of cell
integrins to bind FN [78], which are all behaviors that could affect cellular
responsiveness to gene transfer. Furthermore, the density of binding ligands,
specifically RGD, found in ECM proteins FN, laminin and vitronectin, regulates
cell spreading [94] and has also been correlated to gene transfer and gene
expression [95].
Surface chemistry has been specifically shown to affect protein adsorption
characteristics [65-68], specifically FN conformation [80], and to control
orientation of immobilized antibodies on SAMs [83], which modulated subsequent
cellular behaviors. Changes in cellular adhesion, spreading and proliferation [88,
168-170] have been correlated to adsorbed protein conformation controlled by
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surface chemistry. Cell-surface interactions can be modulated by controlling the
type, amount, conformation and surface distribution of proteins [78, 80]. Selfassembled monolayers (SAMs) of alkanethiols on gold have been used to
provide a flexible system for regulating surface chemistry [65, 67, 71, 114] to
examine cell-protein-surface interactions [65-68]. Using SAMs to modulate
surface properties, additional proteins have been shown to bind as the
hydrophobicity of the surface increases [118-120] and hydrophilic surfaces have
been shown to induce fewer conformation changes than hydrophobic surfaces,
allowing proteins to be in an active state on hydrophilic surfaces [80, 117, 121].
Additionally, the strength of protein adsorption has been shown to depend on
surface chemistry, where proteins firmly adhere to hydrophobic surfaces [166,
167].
Biomaterial surface chemistry also can influence the structural
rearrangement of adsorbed layers of proteins, including formation of FN fibrils
[96], presumably by altering the strength of protein adsorption to the surface, as
well as affecting adsorbed protein conformation and orientation, as described
above. The arrangement of FN into fibrillar networks has been shown to be
dependent on the adsorption strength of adsorbed FN to biomaterial substrates.
Enhanced displacement of FN and a higher degree of cellular FN reorganization
have been observed on more hydrophilic surfaces [82, 103], since cells have a
decreased ability to remove and reorganize FN adsorbed on hydrophobic
surfaces [173]. Specifically, strong adhesion of FN to hydrophobic surfaces
prevented rearrangement of the adsorbed layers [82] and thus prevented
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angiogenesis of endothelial cells, whereas weak adsorption of FN on hydrophilic
surfaces promoted the formation of vascular structures [105] by human umbilical
cord vein endothelial cells (HUVECs). On hydrophilic surfaces, cells are able to
stretch FN to reveal cryptic bindings sites, which are critical to the fibrils [106,
107]. Furthermore, these studies have revealed a clear relation between FN
adsorption strength and structural features of the FN fibrils [174], which can be
related to the structure of actin stress fibers involved in the FN reorganization
[108]. While cell behavior has been characterized and correlated to surface
chemistry and protein adsorption, changes that occur in nonviral gene delivery to
cells in response to changes in surface properties remain unknown, but it is
hypothesized that interaction between cells and biomaterial surfaces affects the
ability of cells to internalize and process DNA and engineering these interactions
could serve as versatile mechanism to elicit specific transfection profiles.
In this study, SAMs of alkanethiols on gold were used to investigate the
effect of surface properties and subsequent cell interactions on transfection
profiles. It was hypothesized that interactions between cells and biomaterial
surfaces alter cellular behaviors that affect the ability of cells to internalize and
process DNA and engineering these interactions could serve as a versatile
mechanism to elicit specific transfection profiles. SAMs presenting hydrophilic
and negatively charged (COO-), hydrophilic and positively charged (NH3+),
hydrophilic and uncharged (OH), and hydrophobic (CH3) terminal functional
groups have been used to study modifications in adsorbed protein orientations
due to surface chemistry [78] and are used here as model biomaterial substrates
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to correlate those modifications to gene transfer. FN adsorption was studied in
terms of adsorption time and protein concentration on these defined surface
chemistries, resulting in the ability to select conditions that allowed for equal
adsorption amounts on all types of surfaces. Subsequently, cells were seeded on
FN-adsorbed SAMs and DNA lipoplexes or polyplexes were added via bolus
delivery. Transfection was analyzed using reporter gene expression. Cellular
behaviors including adhesion, spreading, and proliferation were analyzed to
understand how cellular behaviors may translate surface characteristics to
transfection profiles. These studies allow us to begin to understand the
relationships between biomaterial surface properties, adsorbed proteins, and
nonviral gene transfer to cells interacting with these surfaces in order to design
optimal material surfaces that promote gene delivery for use in therapeutic and
diagnostic applications, including biomaterials-based delivery strategies.

3.2 Methods and Materials
3.2.1 Preparation of Self-Assembled Monolayers (SAMs) on Gold
Gold-covered glass slides were prepared by electron beam evaporation
(Mark 40, CHA Industries, Fremont, CA) with a 5 nm titanium adhesion layer and
30 nm gold layer. The gold coated slides were cut into smaller pieces using a
diamond tipped glass cutter (Fisher Scientific, Pittsburgh, PA), so each fit into
wells of standard 48-well tissue culture plates (Becton Dickson, Franklin Lakes,
NJ). The gold pieces were rinsed in copious amounts of pure acetone (Fisher
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Scientific) and pure ethanol (Fisher Scientific) and dried under a stream of
nitrogen. The alkanethiols used in this study included 1-decanethiol (CH3terminated), 11-mercapto-1-undecanol (OH-terminated), 11-mercaptoundecanoic
acid (COO--terminated) ( Sigma, St. Louis, MO), and 11-amino-1-undecanethiol,
hydrochloride (NH3+-terminated) (Asemblon, Redmond, WA). Alkanethiol stock
solutions for each type were made using degassed pure ethanol and further
diluted to 2 mM using additional degassed ethanol. SAMs were formed by
placing cleaned gold pieces in a 2 mM solution of alkanethiols for 45 minutes to
overnight, depending on the alkanethiol. Before use in the protein adsorption and
transfection studies, SAMs were rinsed in pure ethanol, dried with N2, and
allowed to equilibrate in 1X Dulbecco’s phosphate-buffered saline (PBS,
Invitrogen, Carlsbad, CA) at pH 7.4 for 15 minutes to ensure protonation or
deprotonation of terminal functional groups at physiological pH.
SAM formation was verified by contact angle measurement with a
goniometer (Rame-Hart, model 100-00, Netcong, NJ), using the sessile drop
method, and X-ray photoelectron spectroscopy (XPS). The contact angle of a 5
µL droplet of ddH2O was measured on each SAM using a digital camera
mounted on the goniometer with measurements performed in triplicate on each
SAM. XPS is a surface analytical technique that determines elemental
composition and electronic state of elements within a material. XPS spectra are
obtained by sending a beam of x-rays at the surface of the material and
simultaneously measuring the kinetic energy and number of electrons that
escape the surface. Each element’s core electron has a unique binding energy.
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These known values can be used to determine the elements in a sample [175].
Multi-angle XPS data were obtained at 0, 30, and 60 degrees emission angle
measured with respect to the sample substrate normal using a SPECS X-ray
source with Magnesium anode and PHI hemispherical electron analyzer with
acceptance angle ±10 degree. After surface characteristics were measured,
additional SAMs were prepared and used directly in protein adsorption,
transfection and cell behavior studies.

3.2.2 Quantification of Fibronectin Adsorption on SAMs
Protein adsorption on SAMs was quantified using 125I-human fibronectin
(MP Biomedicals, Solon, OH), as a function of time and protein concentration.
SAMs, prepared as described above, were coated with a solution of unlabeled
human fibronectin (FN) (Sigma) spiked with 2% 125I-human FN in a standard 48
well tissue culture plate, diluted with PBS to final concentrations of 5µg/mL, 10
µg/mL and 100 µg/mL and allowed to adsorb for a range of times (15 minutes to
16 hours) at room temperature under sterile conditions. After the adsorption
period, the protein solution was removed and each surface was washed twice
with 200 µL of 1X PBS to remove passively adsorbed FN. Adsorbed

125

I-FN was

quantiﬁed using an Apex Automatic Gamma Counter (ICN Micromedic Systems,
Huntsville, AL) and radioactive counts (cpm) were converted to adsorbed FN
surface densities (ng/cm2) using a standard curve.
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Based on the radioactivity results, adsorption time and FN concentration
conditions were determined for each SAM to produce either a theoretical
monolayer or multilayer surface for use in transfection experiments. For all
further experiments, FN monolayer-adsorbed SAMs were blocked with 1% heatdenatured bovine serum albumin (BSA, Fisher Scientific) for 30 minutes at room
temperature under sterile conditions to prevent adsorption of additional proteins
from serum-containing media that may influence cellular behaviors. After
blocking, the surfaces were again washed twice with 200 µL of 1X PBS to
remove excess BSA that passively adsorbed onto the SAMs. FN multilayeradsorbed SAMs were not blocked as the multiple layers of FN would theoretically
block all contact with the substrate.

3.2.3 Cell culture and Transfection
NIH/3T3 cells (ATCC, Manassas, VA) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, ATCC) with 10% calf serum (Colorado Serum
Company, Denver, CO), and 1% penicillin-streptomycin (Gibco, Carlsbad, CA), at
37oC and 5% CO2. Cells were seeded on SAMs, FN-adsorbed SAMs, or
polystyrene (PS, as a control) at a concentration of 15,000 cells/well and allowed
to adhere for 18 hours before transfection. DNA complexes were prepared using
either a cationic lipid (Lipofectamine 2000 (LF2000), Invitrogen) or a cationic
polymer (polyethyleneimine, branched 25kD, PEI, Sigma). Briefly, lipoplexes
were formed in ratio of 1 (µg) DNA to 1.75 (µL) LF2000 by adding LF2000 diluted
in Opti-MEM (Invitogen) dropwise to DNA diluted in Opti-MEM, mixing gently and
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then allowing the complexes to form for 20 minutes. The complexes were added
by bolus delivery to cells adhered to FN-adsorbed SAMs, with 75 µL of
complexes added to each well. Polyplexes were formed at an N/P ratio of 15
(where the nitrogen groups on the PEI (N) were in a ratio of 15:1 with the
phosphate groups on the DNA backbone (P)). PEI (1 mg/mL) was diluted in 150
mM tris-buffered saline (TBS) and then added dropwise to DNA diluted in a
separate tube of 150 mM TBS and vortexed for 10 seconds. The complexes
were allowed to form for 15 minutes and subsequently 50 µL of the complex
solution was added to each well containing cells seeded on SAMs, FN-adsorbed
SAMs, or PS. All transfection experiments used pEGFP-LUC, a plasmid
encoding for both enhanced green fluorescent protein (EGFP) and firefly
luciferase protein (LUC). The plasmid was grown and purified from bacteria
culture using Qiagen (Valencia, CA) reagents and stored in Tris-EDTA buffer
solution (10mM Tris, 1mM EDTA, pH 7.4) at -20oC. Only plasmids with purity of
1.8 or better measured by A260/A280 ratio on a spectrophotometer (BeckmanCoulter, Fullerton, CA) were used for transfection. GFP expression allowed
transfection to be qualitatively analyzed using fluorescence microscopy at 24
hours. Luciferase levels, measured in total relative light units (RLUs), were
determined by the luciferase assay (Promega, Madison, WI) using a luminometer
(Turner Biosystems, Sunnyvale, CA) and normalized to the total protein amounts,
determined by the BCA assay (Thermo Scientific). Each transfection experiment
was performed in triplicate wells on duplicate days for each complexing agent
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and surface treatment (bare SAMs, FN monolayer-adsorbed SAMs, FN
multilayer-adsorbed SAMs and PS as a control).

3.2.4 Analysis of Cell Behaviors
To quantify cell adhesion to surfaces, SAMs (bare, FN monolayeradsorbed SAMs, or FN multilayer-adsorbed SAMs) were prepared as previously
described and subsequently seeded with 300 µL of NIH/3T3 cells at a
concentration of 15,000 cells/well. The cells were allowed to adhere for 18 hours,
then rinsed twice with 1X PBS and stained with 2.4 µg/mL Hoechst 33258
(Invitrogen) in serum-free media for 25 minutes at 37oC, which stained the nuclei
of each cell to aid in the counting of the number of cells adhered to the surface.
Five images of each terminal functional group as either bare, FN monolayeradsorbed SAMs, or FN multilayer-adsorbed SAMs, were captured using
fluorescent microscopy (Leica DMI 3000B, Bannockburn, IL) on triplicate
surfaces and analyzed using ImageJ software (National Institutes of Health
(NIH), Bethesda, MD). The number of cells attached was determined by counting
the number of stained nuclei per image and averaging each of the five images
per surface. Spreading was determined using the same sample preparation as
for the adhesion studies. Cells were allowed to adhere for 18 hours and then the
cell cytoplasm was stained using 2µM Calcein AM (Becton Dickson) in PBS, with
incubation for 20 minutes at 37oC. Five images of each SAM type as either bare,
FN monolayer-adsorbed SAMs, or FN multilayer-adsorbed SAMs, were captured
for spreading experiments using fluorescent microscopy (Leica DMI 3000B,
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Bannockburn, IL) on triplicate surfaces. Spreading was quantified by determining
the cell projected area in each image using ImageJ software (NIH) and
subsequently calculating the average spreading per surface condition.
Proliferation was determined by following the manufacturer’s instructions for the
MTT assay (Promega). The results were normalized to SAM surface area by
imaging the SAM surface area with a digital camera (Canon PowerShot, Lake
Success, NY) and determining area using ImageJ software (NIH). To determine
cell viability after the addition of PEI complexes MTT assay (Promega) was used
and three replicates were analyzed for each SAM at 24 hours after the addition of
complexes and calculated using the following equation:
Cell viability = [(A – B)/(C – B)]
where A is the absorbance of the cells in the extracted culture medium, B is the
absorbance of the culture medium (blank), and C is the absorbance of cells on
the PS control.

3.2.5 Statistical Analysis
Statistical analysis was performed using Prism software (GraphPad Prism
5, LaJolla, CA). Comparative analyses were completed using one-way ANOVA
with Tukey post-tests at a 95% confidence level. Mean values with standard error
of the mean are reported and all experiments were completed with triplicate
samples on duplicate days.
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3.3 Results and Discussion
3.3.1 SAM Characterization
In this study, SAMs were formed with different surface chemistries by
selection of the terminal functional groups. At physiological pH 7.4, NH3+ terminated alkanethiols are positively charged, hydrophilic surfaces, COO- terminated alkanethiols are negatively charged, hydrophilic surfaces, OHterminated alkanethiols are uncharged, hydrophilic surfaces and CH3 -terminated
alkanethiols are uncharged, hydrophobic surfaces. Contact angle (Table 3-1)
analysis confirmed robust SAM formation, as SAMs prepared with functional
groups of -COO-, -OH or -NH3+ formed hydrophilic surfaces shown by the angles
of less than ~30 degrees, whereas the SAM terminated with -CH3 groups was
hydrophobic as indicated by the contact angle greater than 100 degrees.
Table 3-1: Contact Angle
Measurements to Verify SAM
Formation
SAM
Contact
(terminal functional
Anglea
group)
COO15.2 ± 1.2
+
NH3
28.7 ± 5.3
OH
30.7 ± 3.2
CH3
107.3 ± 3.5
a. Contact angle in degrees, of water
droplet in air.
XPS results (Figure3-1) of the COO--terminated surface, as an example,
indicate proper SAM formation as only carbon and oxygen groups are present
without any contaminating nitrogen (Figure 3-1).
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Figure 3-1 XPS spectra of COO--terminated SAM showing proper formation as
only carbon and oxygen are present and there is no contamination by nitrogen.

3.3.2 Protein Adsorption Characterization
FN was selected as the model protein in these studies since it has been
shown to influence nonviral gene delivery through its presence in DNA-lipoplex
solutions [53] and through addition to calcium phosphate particles [54].
Additionally, gene delivery was increased when FN was added to the DNAcomplex solution [144] or coated on substrates prior to complex immobilization
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[58] in substrate mediated delivery strategies. This experiment was designed to
investigate the role of adsorbed FN on SAMs in nonviral gene delivery by using
125

I-FN was used to study FN adsorption profiles to SAMs as a function of protein

solution concentration and adsorption time, using three FN immobilization
concentrations at six time points (Figure 3-2). As the FN concentration in the
immobilization solution increased, the amount of adsorbed protein on each
surface increased for each immobilization time, e.g. the 100 μg/mL solution
immobilized more protein per surface than the 10 μg/mL solution at each time
point (Figure 3-2). Also as adsorption times increased, more FN adsorbed, e.g.
on the CH3 -terminated surface, 784 ng/cm2 immobilized after 15 minutes
whereas 9,945 ng/cm2 immobilized after 16 hours (Figure 3-2A and 1F). For all
FN concentrations and adsorption times, OH- and COO--terminated SAMs
exhibited the lowest FN adsorption similar to previous studies [166, 167].
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Figure 3-2 125I-FN adsorption on ● COO--, ■ CH3-, ▲ OH- and ▼ NH3+terminated SAMs as a function of protein concentration and immobilization time
showing differences between terminal surface groups. Samples were run in
triplicate on duplicate days. Data is plotted as mean ± standard error of the mean
at each immobilization time.

A theoretical FN monolayer has a single layer of molecules attached to the
substrate, which based on the dimensions of the molecule [80, 176], is expected
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to be 350-400 ng of FN/cm , where as a multilayer assembly has multiple layers
of FN attached to the substrate at higher densities [78, 174]. To differentiate
between monolayer and multilayer protein effects, these adsorption profiles were
used to select a deposition time point and concentration was selected for each
SAM to provide a theoretical monolayer density at ~350 ng/cm 2 and another time
point and concentration that produced a multilayer FN adsorbed SAM at 800
ng/cm2 (Table 3-2). By normalizing the amount of protein on each SAM,
theoretically the effect of adsorbed protein amount and adsorbed protein
conformation on transfection was able to be independently investigated. These
conditions were then used for all transfection, adhesion, proliferation, and
spreading experiments as described below. Adsorption trends reported here for
SAM surfaces are similar to previous reports [78, 117, 158, 177] at low FN
solution concentrations, yet further analysis was performed in this report to
investigate FN adsorption as a function of time, which demonstrated both the
concentration of the protein solution and the immobilization time directly affected
the amount of protein that adsorbed onto each surface chemistry.
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Table 3-2: Adsorption conditions (time and FN concentration)
for each SAM surface.
Monolayer surface

Multilayer surface

FN
Concentration

Time

FN
Concentration

Time

COO-

10 µg/mL

16 hour

COO-

100 µg/mL

30 min

NH3+

10 µg/mL

30 min

NH3+

100 µg/mL

30 min

OH

10 µg/mL

16 hour

OH

100 µg/mL

30 min

CH3

10 µg/mL

15 min

CH3

100 µg/mL

30 min

3.3.3 Surface Properties dictates Transfection
3.3.3.1 Transfection using LF2000
To determine the effect of surface properties (i.e. surface chemistry and
adsorbed protein characteristics) on gene delivery, transfection was assayed on
cells seeded on bare SAMS, FN monolayer-adsorbed SAMs, FN multilayeradsorbed SAMs or polystyrene (PS), a typical surface used in cell culture studies
(Figure 3-3). Lipid-mediated transfection to cells adhered to bare (no
preadsorbed FN) SAMs resulted in statistically greater transfection on the
hydrophilic, negatively charged surface, -COO-, than -OH (hydrophilic,
uncharged) and -NH3+ (hydrophilic, positively charged) terminated surfaces
(Figure 3-3 A), whereas no statistical difference was observed between CH3terminated surface and COO--terminated surfaces, though mean transfection
levels were greater on COO--terminated SAMs than any other surface. These
results demonstrate that simply changing underlying surface chemistry
modulates transfection levels in cells seeded on those surfaces, and specifically,
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increasing the percentage of negatively charged groups on a surface can
enhance transfection as compared to traditional PS surfaces, without any
modulation of the vector. Previously, cell growth has been shown to be high on
SAMs presenting COO- - and NH3+-terminal functional groups, while poor cell
growth and viability has been demonstrated on OH- and CH3-terminated surfaces
[71-76], suggesting cell adhesion could be a contributing factor to low
transfection levels on these surfaces, which is explored further in later sections.
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Figure 3-3 Transfection using LF2000 (A, B, C) and PEI (D, E, F) as delivery
agents on bare SAMs (A, D), FN monolayers adsorbed on SAMs (B, E) and FN
multilayer SAMs (C, F). Transfection is reported as RLU/mg of protein, mean ±
SEM (*p<0.1, **p<0.05, and ***p<0.001).

Upon adsorption of a theoretical FN monolayer onto SAMs, transfection by
LF2000 was increased on CH3- (hydrophobic) and NH3+- (hydrophilic, positively
charged) terminated surfaces, in comparison to the corresponding bare SAMs
(Figure 3-3B vs. 3-3A). This increase in transfection on the hydrophobic surface
with adsorbed FN can be attributed to increased cell adhesion, which is further
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explored later in this study. Typically, a hydrophobic surface (SAMs terminated
with -CH3 groups) has poor cell adhesion and spreading qualities [73, 76, 154],
but studies have demonstrated increased cell adhesion and spreading after FN
adsorption on a hydrophobic surface [76]. Additionally, FN conformational
changes have been observed after adsorption to hydrophobic surfaces, revealing
cryptic binding sites [155-158], which allow more cells to adhere and could
increase transfection on CH3 -terminated surfaces. SAMs presenting -CH3, -NH3+
and -COO- functional groups with FN adsorbed in a monolayer each had
significantly greater transfection than -OH (hydrophilic, uncharged) surfaces with
FN. SAMs with -COO- groups with FN adsorbed as a monolayer also had
statistically greater transfection than FN monolayer adsorbed PS (Figure 3-3B).
SAMs presenting COO--terminal functional groups adsorbed with FN have been
shown to present a high concentration of ligands, which interact with cellular
receptors that promote cellular attachment, spreading, and growth [76]. All
cellular behaviors which could describe increased transfection on this surface are
further explored later in this study. Also, no change in transfection was observed
between bare PS and PS adsorbed with a monolayer of FN, indicating the mere
presence of a FN monolayer does not dictate transfection levels, but rather the
underlying surface chemistry, translated through a FN monolayer dictates
transfection profiles.
Upon adsorption of FN multilayers onto SAMs, a statistically significant
increase in LF2000 mediated transfection was observed on each SAM in
comparison to their corresponding bare SAMs (Figure 3-3C vs. 3-3A) and most
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FN multilayer SAMs

(-NH3+,

-

-COO and -CH3) had statistically significant

increased transfection in comparison to bare PS (Figure 3-3C). Only CH3- and
NH3+-terminated surfaces with FN multilayer had statistically better transfection
than FN multilayer PS. When coated with a FN multilayer, CH3-terminated
surfaces produced the highest transfection of any surface in this study, yet
exhibited nearly no transfection when used as a bare SAM (Figure 3-3A- 3-3C).
Integrin binding, focal adhesion size, and the strength of tensile forces (within cell
cytoskeleton) have been shown to be dependent on the bond strength of proteins
to the substrate [73, 76, 178-180], which is controlled by underlying surface
properties and amount of protein adsorbed. CH3-terminated surfaces with a low
amount of adsorbed protein have been shown to inhibit endothelial cell
reorganization of FN into well-defined fibril networks, but the addition of a FN
multilayer allowed for reorganization of the adsorbed protein [105]. It is proposed
that the increase in transfection in cells adhered to FN multilayers can be
correlated to cytoskeleton reorganization, resulting from the cells rearranging and
pulling on the FN multilayer and this cytoskeleton rearrangement promotes gene
transfer. Together, the transfection data from all surface conditions suggest that
both amount of FN and characteristics of the underlying surface chemistry, which
presumably dictates protein conformation, functional presentation of ligands, and
strength of protein binding in multiple layers, affect transfection profiles, through
altering cellular behaviors which are controlled by these surface properties.
These cellular behaviors are further examined with results presented in the next
section.
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3.3.3.2: Transfection using PEI
Both polymers and lipids are commonly used as transfection reagents in
nonviral gene delivery, but are believed to mediate transfection through different
mechanisms. In order to understand how transfection levels resulting from a
polymer vector would also be controlled by underlying surface properties, PEI
was used as a transfection reagent. Polymer-mediated transfection to cells
adhered to either bare SAMs or FN monolayer-adsorbed SAMs resulted in
statistically significant lower levels on the SAM surfaces than the control PS
surface (Figure 3-3D and 3-3E). Cellular transfection using PEI on FN multilayer
adsorbed SAMs resulted in transfection levels similar to that on PS for at least
two of the SAMs (-COO-, -CH3, Figure 3-3F), presumably due to increased
cellular adhesion, as described previously and more in depth below. The
decrease in transfection on SAM surfaces in comparison to the traditional cell
culture PS surface when using PEI as the delivery agent (Figure 3-3 D-F) is in
sharp contrast to the LF2000 results (Figure 3-3 A–C). As the cells appeared to
be less viable in the PEI experiments, we investigated if this lowered transfection
was due to toxicity, measured by performing a MTT assay in cells that had been
seeded on the SAMs and exposed to PEI complexes. Cells adhered to the SAMs
demonstrated an increase susceptibility to PEI-meditated toxicity (Figure 3-4),
which we hypothesized to be attributed to the attraction between defined surface
chemistries and PEI complexes or free PEI. While it has been documented that
PEI can be toxic to cells [181], PEI complex conditions in this study were
selected based on optimization studies on PS, optimizing for highest transfection
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and viability (data not shown). Comparing the effect of surface chemistry and
adsorbed FN on transfection between lipids (Figure 3-3A-C) and polymers
(Figure 3-3D-F) further demonstrates that transfection mechanisms must be
different between the two vectors, evidenced by the very different responses in
transfection efficiency under the same biomaterial-interface conditions. The
increased susceptibility to PEI cytotoxicity, controlled by defined surface
chemistries, will be investigated further in future studies to understand how this
delivery agent mediates transfection on FN adsorbed SAMs.
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Figure 3-4 Cytotoxicity was measured with MTT assay to assess susceptibility of
cells to PEI-mediated toxicity. Cells were seeded on SAMs, in presence of PEIDNA complexes and analyzed for viability at 24 hours after complex addition.
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Each column represents the average viability of each SAM after normalization to
the PS surface ± SEM.

3.3.4 Dose response and Cellular Behaviors
To investigate how surface properties affect cellular behaviors, such as
cell adhesion, spreading and proliferation, that may be responsible for the
transfection profiles as reported in Figure 3-3, each surface chemistry was
individually examined, correlating transfection dependence on surface chemistry
and adsorbed FN amount to cellular behaviors that have been demonstrated to
be controlled by cell-biomaterial interactions and also have demonstrated roles in
nonviral gene delivery. Specifically, cellular adhesion, cellular spreading and
proliferation were investigated in this study. These behaviors were selected
since adhesion is critical to transfection [53, 95, 182] and spreading of fibroblasts
is one indicator of stable adhesion and typically associated with clustering of
integrin receptors and reorganization of the cytoskeleton [183-187], which have
been shown to influence nonviral gene delivery [188]. Finally proliferation has
commonly been associated with enhanced nonviral gene delivery, as mitosis
causes the breakdown of the nuclear envelope promoting nuclear entry of the
nonviral DNA [189-193], thus increasing transfection efficiency.
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3.3.4.1 CH3-terminated surfaces
For lipid-mediated DNA delivery, increasing the amount of adsorbed FN
on the CH3-terminated SAMs (hydrophobic, uncharged) from bare to FNmonolayer to FN-multilayer produced a dose response in transfection (Figure 35A), with a statistically significant increase in transfection observed between
monolayer and multilayer adsorbed FN levels. Bare CH3-terminated SAMs had
the poorest transfection results, due to poor cell adhesion and subsequent
spreading on hydrophobic surfaces (Figure 3-5B and 3-5C), which has been
widely demonstrated [71-76, 162, 163]. Efficient gene transfer has been shown
to depend on mitosis [194], where an increased number of cells and
corresponding proliferation rate [193] have been shown to increase transfection.
On CH3-terminated surfaces, no change was observed in the proliferation rate.
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Figure 3-5 LF2000 and PEI mediated transfection (A) on bare, FN monolayeradsorbed and FN multilayer-adsorbed CH3-terminated surfaces with
corresponding cellular behaviors including adhesion (B), spreading (C) and
proliferation (D). All values were measured in triplicate on duplicate days. Values
are reported as the mean ± SEM (*p<0.1, **p<0.05 and ***p<0.001).

The addition of adsorbed FN increased adhesion and spreading (Figure 35B and 3-5C), which resulted in an increase in transfection (Figure 3-5A). FN has
been shown to denature when immobilized to hydrophobic surfaces revealing
cryptic binding sites [157, 158], which promotes increased cellular adhesion and
spreading as demonstrated here, and thus increased transfection.
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When multiple layers of FN were adsorbed to CH3-terminated SAMs, a
statistical increase in LF2000-mediated transfection was observed as compared
to transfection on the SAMs with a monolayer of FN or the bare surface
chemistry, but this cannot be explained by adhesion or spreading, as these
behaviors did not increase with increasing amounts of FN (Figures 3-5B and 35C). The increase in transfection in cells adhered to FN multilayers is
hypothesized to correlate to cytoskeleton reorganization resulting from the bond
strength of proteins to the substrate [73, 76, 178-180], as it has been shown that
on such surfaces, cytoskeleton components are rearranged [188] and there have
been studies linking cytoskeletal changes with gene delivery [195-197]. Similar
to LF2000, transfection with PEI on CH3-termianted SAMs was also related to
amount of FN adsorbed on the SAMs with the greatest transfection observed on
the adsorbed FN-multilayer condition, though transfection was highly limited with
PEI on all surfaces, as described above. Finally, proliferation rates were identical
on each surface (Figure 3-5D); thus the increase in transfection on any SAM was
not due to cell proliferation and associated DNA nuclear entry due to cell division,
but rather cell spreading and adhesion in the FN monolayer conditions and
potentially rearrangement of FN multilayers resulting in altered cytoskeleton for
the multilayer.

3.3.4.2 NH3+ terminated surfaces
On NH3+ -terminated surfaces (hydrophilic, positively charged), a trend
similar to that on the CH3-terminated SAMs was observed, where a statistically
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significant dose response correlated with the amount of adsorbed FN (Figure 36A). A statistically significant increase in cell adhesion was observed on
adsorbed FN monolayers as compared to the bare NH3+ -terminated SAMs
(Figure 3-6B). Similarly, a statistically significant increase in spreading was
observed between bare and either FN adsorption amount (Figure 3-6C),
therefore, like on the CH3-terminated-SAMs, increased cell adhesion and
spreading from bare SAMs to SAMs with a FN monolayer correlates to the
increase in transfection on the monolayer FN-coated surface. However, cell
adhesion and spreading values do not correlate to the increase in transfection
levels from monolayer to multilayer FN surfaces (Figure 3-6A).
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Figure 3-6 LF2000 and PEI mediated transfection (A) on bare, FN monolayeradsorbed and FN multilayer-adsorbed NH3+-terminated surfaces with
corresponding cellular behaviors including adhesion (B), spreading (C) and
proliferation (D) . Values were measured in triplicate on duplicate days and are
reported as the mean ± SEM (*p<0.1 and ***p<0.001).

As for the CH3-terminated SAMs, this increase in transfection on the FN
multilayer NH3+-terminated SAMs could be attributed to the properties of protein
layers and associated cytoskeletal changes. NH3+-terminated SAMs have been
shown to promote strong binding of FN, which subsequently allows little
reorganization of FN [198] and presumably large intracellular tension similar to
CH3-terminated SAMs. Increased intracellular tension, induced by cyclic
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stretching, has been shown to increase transfection [195, 196]. In addition,
proliferation rates caused by surface characteristics do not contribute to
transfection profiles, as no difference was observed in the proliferation rate of the
cells growing on the three amounts of FN adsorbed on NH3+-terminated SAMs
(Figure 3-6D). Again, the same trend seen using LF2000-mediated delivery was
observed using PEI as the transfection agent, yet the transfection levels on
SAMs using PEI-mediated transfection were much lower than standard PS.

3.3.4.3 COO--terminated surfaces
On the carboxyl-terminated SAMs, no significant difference was observed
in transfection between the bare and monolayer FN conditions, (Figure 3-7A),
indicating the addition of protein does not positively affect transfection rates.
However, the addition of a FN-multilayer adsorbed on the COO--terminated
SAMs (hydrophilic, negatively charged) produced a statistically significant
increase in transfection in comparison to both bare and FN monolayer adsorbed
surfaces (Figure 3-7A). No difference in cellular adhesion was observed between
COO- terminated SAMs with either bare, a FN monolayer or FN multilayer
(Figure 3-7B). A statistically significant increase in spreading was observed on
both FN monolayer and FN multilayer COO--terminated SAMs in comparison to
the bare COO--terminated SAM, with the greatest spreading on the monolayer
surface (Figure 3-7C). Although an increase in proliferation rate is observed on
the FN monolayer adsorbed COO--terminated SAM, it does not produce an
increase in transfection, perhaps caused by a less optimal orientation (Figure 3-
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7D). Additionally, fibroblasts seeded on FN adsorbed COO -terminated SAMs
have been shown to develop small focal adhesion contacts potentially limiting
intracellular tension. The same transfection trend observed using LF2000 is seen
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Figure 3-7 Transfection using LF2000 and PEI (A) on bare, FN monolayeradsorbed and FN multilayer-adsorbed COO--terminated surfaces with
corresponding cellular behaviors including adhesion (B), spreading (C) and
proliferation (D) were measured in triplicate on duplicate days. Values are
reported as the mean ± SEM (*p <0.1, **p<0.05 and ***p<0.001).
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3.3.4.4 OH-terminated surfaces
On OH-terminated SAMs (hydrophilic, uncharged), no change in
transfection was observed by adding a FN monolayer, however, a statistically
significant increase in transfection was observed upon adsorption of a FN
multilayer (Figure 3-8A). Cellular adhesion was increased on both monolayer and
multilayer FN adsorbed surfaces in comparison to bare OH surfaces (Figure 38B). A statistically significant increase in spreading is observed upon the addition
of a FN monolayer to the bare OH-terminated SAMs (Figure 3-8C), however, this
increase does not correlate to an increase in transfection. OH-terminated
surfaces have been shown to limit adhesion and subsequent spreading of cells
[73], which was observed on the bare OH-terminated surface, thus a FN
multilayer is needed on these SAMS to achieve enough adhesion to promote
transfection. Fibroblasts seeded on FN adsorbed OH-terminated SAMs
developed very small focal and also lacked formation of fibrils[73], thus it would
lack intracellular tension that has been shown to increase transfection[195, 196].
No change was observed in proliferation between bare and FN adsorbed
surfaces (Figure3 -8 D) and OH-terminated SAMs had the least amount of
proliferation of the four defined surface chemistries. When PEI is used as the
transfection agent, there is no longer an increase in transfection by increasing
the amount of adsorbed FN. Overall, OH-terminated SAMs are the least
desirable surface chemistry for modulating transfection due to poor surface
characteristics.
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Figure 3-8 Transfection using LF2000 and PEI (A) on bare, FN monolayeradsorbed and FN multilayer-adsorbed OH-terminated surfaces with
corresponding cellular behaviors including adhesion (B), spreading (C) and
proliferation (D) were measured in triplicate on duplicate days. Values are
reported as the mean ± SEM (*p<0.1 and ***p<0.001).

3.3.4.5 PS, control surface
Finally, in addition to SAMs, transfection on the standard cell culture
surface, PS, was compared to SAMs throughout this report, to demonstrate
comparisons between surfaces with defined chemistries and mixed surface
properties. PS has been shown to contain primarily hydrocarbons (86%),
hydroxyl and amines (12 %), and carboxyl functional groups (1%) on its surface
[199], making it most similar to a CH3-terminated surface. Transfection on PS
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resulted in a statistically significant dose response correlated with the amount of
adsorbed FN (Figure 3-9A). The increase in transfection from bare PS to FNmonolayer adsorbed PS can be explained through a statistically significant
increase in adhesion (Figure 3-9B). An increase in the number of cells adhered
to a surface and the corresponding proliferation rate [193] have been shown to
increase transfection, as explained previously. Additionally, an increase in
proliferation rate was observed between PS (Figure 3-9D) and SAMs (Figures 35D, 3-6D, 3-7D and 3-8D), which could be due to differences in cell seeding, as
the same number of cells was seeded in each well, regardless of whether it was
a PS control or SAM experimental condition, yet PS had greater surface area
which reduced the confluence of the cells at the time of seeding, allowing
increased proliferation ability. It is also interesting to note the dose response was
no longer present when PEI was used as the transfection reagent, presumably
due to the differences in the cellular mechanisms of the transfection reagents,
which will be studied in future reports.
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* p<0.05

Figure 3-9 Transfection using LF2000 and PEI (A) on bare, FN monolayeradsorbed and FN multilayer-adsorbed PS with corresponding cellular behaviors
including adhesion (B), spreading (C) and proliferation (D). Values were
measured in triplicate on duplicate days. Values are reported as the mean ± SEM
(*p <0.1).

3.4 Conclusion
In this study, it was shown that underlying surface properties and
adsorbed FN dose response together contribute to transfection profiles, which,
for lipid-mediated DNA delivery, exceeded levels on traditional PS surfaces, even
with the addition of FN to PS. These results indicate not simply the presence of
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FN, but also its interaction with the underlying surface and resulting cell
behaviors such as cellular adhesion, spreading and proliferation, enhance
transfection. Adsorbed FN multilayer CH3-terminated SAMs resulted in the
greatest transfection in our study, but at such high FN doses, spreading,
proliferation and adhesion do not contribute, but instead cytoskeleton
reorganization due to rearrangement of FN layers by cells is hypothesized to
modulate gene transfer. Interactions between cells and biomaterial surfaces were
shown to affect the ability of cells to internalize and process DNA and
engineering these interactions could serve as a versatile mechanism to elicit
specific transfection profiles.
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Chapter 4
Conclusions and Future Directions

4.1 Introduction
The ultimate goal of gene delivery is to provide a safe, efficient
mechanism to deliver a gene of interest to the target cell [200]. Challenges with
current delivery systems have limited the use of gene delivery approaches in
therapeutic applications, such as gene therapy to correct genetic deficiencies or
tissue engineering scaffolds, where gene delivery can present chemical factors to
guide tissue formation in regeneration matrices for treatment of organ loss and
failure. Modification to the DNA and to the cationic lipids or polymers [12, 13], or
methods to incorporate extracellular matrix (ECM) proteins and peptides into
complexes, including fibronectin, collagen, and peptides containing the cellbinding arginine-glycine-aspartic acid (RGD) motif [53-57], have been developed
to overcome the barriers to successful gene delivery, as well as to understand
the underlying gene transfer process. While increased gene delivery was shown
by each of these methods, little focus was given to the properties of the proteins,
in particular the cell-protein interaction, and how those properties control cell
behavior that could in turn facilitate the delivery of the genes. Furthermore, few
efforts have been made to understand the role of biomaterial-protein-cellinteractions, which mediate cell behavior that could dictate cellular
responsiveness to nonviral gene transfer. Fibronectin (FN) has been adsorbed
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on substrates and independently investigated for its role in modulating cellular
behaviors, showing surface-induced conformational changes of FN mediates cell
adhesion [80, 86-90], cell spreading [91, 92], proliferation [80], differentiation
[172] and the ability to of cell integrins to bind [78], which are all behaviors that
could affect cellular responsiveness to gene transfer, thus modulating
transfection profiles. In many of these studies where substrate control of FN
adsorption was investigated, self-assembled monolayers (SAMs) of alkanethiols
on gold were used to provide a flexible system for regulating surface chemistry
[65, 67, 71, 114] to examine cell-protein-surface interactions [65-68] and thus
were used as model biomaterials in this project.
In this thesis, studies investigating adsorbed protein on defined surface
chemistries and its effect on transfection revealed that underlying surface
properties and adsorbed FN dose response together contribute to transfection
profiles. For lipid-mediated DNA delivery, transfection levels exceeded those
achieved on traditional cell culture (polystyrene, PS) surfaces, even with the
addition of FN to PS (Chapters 2 and 3). These results indicate not simply the
presence of FN on a cell adhesive substrate, but also its interaction with the
underlying surface and resulting cell behaviors such as cellular adhesion and
spreading, enhance transfection. Lipid-mediated transfection on CH3- and NH3+terminated SAMs, as well as the PS control resulted in a dose response
correlated with the amount of adsorbed FN. CH3-terminated SAMs with the
highest dose of FN (presumably representing FN multilayers) resulted in the
greatest transfection achieved in the entire study, but at such high FN doses, cell
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spreading, proliferation and adhesion do not correlate with such high transfection
levels. Instead it is hypothesized that cytoskeleton reorganization due to
rearrangement of FN layers by cells modulates gene transfer, as it has been
shown that on such surfaces, cytoskeleton components are rearranged [188] and
there have been studies linking cytoskeletal changes with gene delivery [195].
The studies presented in this thesis allowed better understanding of the
relationships between biomaterial surface properties, adsorbed proteins, and
nonviral gene transfer to cells interacting with these surfaces. It is proposed that
this information can be used to design optimal material surfaces that promote
gene delivery for use in therapeutic and diagnostic applications, including
biomaterials-based delivery strategies.
Immobilizing bovine serum albumin BSA on SAMs provided insight on
how a smaller protein modulates transfection by bolus delivery and provided a
different transfection profile than the larger protein FN (Chapter 2). While not in
the scope of this project, the investigation of other ECM proteins (non-dried) such
as collagen, vitronectin, lamin, would provide better understanding of how
different protein structures modulate transfection profiles on defined surface
chemistries for both bolus and SMD.

4.2 Protein orientation and conformation
While the results presented in Chapters 2 and 3 demonstrate that the
amount of adsorbed FN (bare, monolayer, or multilayer) immobilized on defined
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surface chemistries modulates transfection, further investigation of the protein
orientation and protein conformation on the surface is necessary to directly
understand how these proteins interact with cells and potentially regulate cellular
responses to nonviral gene delivery. Relative protein conformation and
presentation of ligands after substrate adsorption have been investigated by
antibody binding assays [78, 90, 201-203], yet it is unclear whether these studies
reveal true modulation of protein orientation or if changes in ligand activity,
caused by alteration of the protein structure, modify antibody binding. Attenuated
total reflection Fourier transform infrared (ATR-FTIR) spectroscopy has provided
gross conformational changes of the adsorbed protein on the substrate [204] and
time of flight- second ion mass spectroscopy (Tof-SIMS) [84, 205] has been used
to show conformational changes in immunoglobulin G. These methods should be
explored to better understand the orientation and conformation of adsorbed
proteins on defined surface chemistries. Additionally, atomic force microscopy
(AFM) provides another tool to study protein structure [206, 207] and would allow
visualization of the topography of the protein surface on the SAMs, providing
visual representation of the orientation change and molecular packing.
Spectroscopic ellipsometry (SE) allows investigation of protein adsorption without
sample dehydration [208-211]. Quartz crystal microbalance with dissipation
monitoring (QCM-D) measures the mass per unit area by monitoring changes in
frequency of a quartz crystal resonator, revealing the fluid properties (rigid or
viscous) of the adsorbed protein film. Together SE and QCM-D can be used to
determine adsorbed protein porosity as the optical thickness determined by SE
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directly measures the amount of organic molecules in the immediate vicinity of
the surface, whereas both organic molecules and associated solvent is
measured by QCM-D. The difference between the two measurements provides
the density of the adsorbed molecules [212], and is easily applied to SAMs, thus
this combined technique may be good for simultaneously investigating the
adsorbed protein amount and protein orientation. Finally, adsorbed protein
conformation and ligand presentation of fibrinogen and human serum albumin
have been studied using circular dichroism [213, 214]. This method investigates
the changes in polarized light to determine changes in protein conformation. Any
of the previously described methods would provide a method to measure protein
conformation on SAMs, which could be further connected to transfection profiles.

4.3 Cellular Behaviors
In the current study, behaviors such as cellular adhesion, spreading and
proliferation were shown to correlate to transfection profiles for some surface
conditions. Specifically, increased cellular adhesion correlated to increasing gene
transfer on CH3- terminated SAMs with the addition of a FN monolayer. While
these results showed how adsorbed protein on defined surface chemistries
modulates transfection, further investigation of additional cellular behaviors is
necessary to completely understand the correlation between surface properties,
cell behavior, and gene transfer. Understanding the ability of cells to form fibrils
and associated cytoskeleton reorganization, as well as complex internalization
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could further explain the connection between surface properties and gene
transfer. Formation of fibrils has been independently investigated on defined
surfaces showing the ability of cells to reorganize adsorbed FN based on the
strength of the protein adhesion to the substrate [82, 105, 174] and exposure of
cryptic binding sites has been correlated to intracellular cytoskeletal force [106,
107, 155, 215-217], yet the role of these behaviors have not been directly
explored for the connection to gene transfer. The connection of protein
orientation studies and cellular behavior studies would further explain whether
ligand presentation or strength of protein adherence to the substrate modulate
the change in transfection.
Cell type is another variable that could be explored within the context of
the interaction between cells and biomaterials. In this study mouse fibroblasts
were selected as they are commonly used for transfection studies and serve as a
good model for tissue engineering applications, since fibroblasts are one of the
first cell types believed to infiltrate wound sites and facilitate healing [148].
Exploration of cell-substrate interactions using other cell types will reveal if
surface interactions are conserved between cell types or if this technology will
need to be optimized for each application. Primary human fetal lung fibroblast
(IMR-90) cells express constant levels of integrins which could be used to
explore ligand presentation on protein adsorbed SAMs and the correlation to
gene transfer. Additionally, mesenchymal stem cells (MSCs) are a clinically
relevant cell type which has been used in preclinical tissue engineering
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applications [218]. Understanding the effect of cell-substrate interactions in this
cell type would provide global application of this research.
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Appendix

Figure A-1 Phase and fluorescence images of transfected NIH/3T3 cells seeded
on polystyrene, which were used as a control surface in this study. These images
were used to monitor morphology and the amount of transfection.
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